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H3JiyneHHe TOieMHoro 3apa,a,a, 
^BHacymeroca paBHOMepHO b,zi,ojii> och 
Kpyrjioro ^HacpparMHpoBaHHoro BOJiHOBO^a 

IlpoaHajiH3HpoBaHO npocTpaHCTBeHHO-BpeMeHHoe pacnpeflejiemie 
nojia, B036yjK/i,eHHoro 3apfl,n,OM, flBHJKyniHMCs no och Kpyrjioro /rna- 
cpparMiipoBaHHoro BOjiHOBO^a. HncjieHHO onpeflejieHbi noTepn 9HepriiH 
npii npojieTe 3apsflOM nepno^a CTpyicrypbi; noKa3aHO, hto npn yBejin- 
neHHH pejiHTHBHCTCKoro (baKTopa Bee napaMeTpbi KajKflon co6cTBeHHon 
bojihbi CTpeMHTCH k KOHeHHbiM 3HaHemiHM, onpe,n,ejrHioinHM npe,a,ejib- 
Hbm cneKTp H3jiyueHH5i . C poctom SHeprnn 3apa,a;a nponcxoflHT Hacbi- 
meHHe aMnjiHTyfl HHJKHen nacTH cneKTpa co6cTBeHHbix bojih Ha ypoBHe 
npe^ejibHoro cneKTpa. ^Jia nojiyneHna h HHTepnpeTannn pe3yjibTaTOB 
ncnojib3yeTCii npHHinin TpaHCjiHiiHOHHon cnMMeTpnn nojia. 



Radiation of a point charge 
uniformly moving along the axis 
of the circular disc-loaded waveguide 

The space-charge distribution of the electromagnetic field excited by 
point charge moving with a constant velocity on the axis of the circular 
disc-loaded waveguide was analyzed. The energy losses per structure 
period numerically were calculated. With increasing charge energy main 
features of the waveguide modes reach some finite values and, so way, 
define the limit radiation spectrum. The saturation of the amplitudes 
of modes (which belongs to the lower part of the limit spectrum) was 
observed. The analytical techniques and results of calculations were 
discussed with the use of translation symmetry and the problems that 
should be noticed were pointed out. 
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BBe^eHHe 



B HacTOHiu;eM npenpHHTe rojiaraioTCH pe3yjiBTaTBi pacneTa sjieKTpoMarHHTHoro nojis, 
B036yjK^aeMoro ToneHHbiM 3apH,noM npn ero paBHOMepHOM ^BHJKeHHH Bflojib och Heorpa- 
HHHeHHoli aKciiajiBHo- ciiMMeTpiiHHoii 3aMe^ji5iioiri;eH nepno^HHecKoii CTpyKTypBi, b Kane- 
CTBe KOTopoii BBiGpaH KpyrjiBiii /jHacpparMHpoBaHHBiH bojihoboa (K^B) . 0Tpe3KH Taxoro 
BOJiHOBo^a Haxo/XHT ninpoKoe npHMeHemie b KanecTBe ycKopniorixHx ceKHiift coBpeMeHHBix 
jiHHeiiHBix ycKopHTejieii sjieicrpoHOB. 

AHajiHTHHecKaH TeopHH coGcTBeHHBix bojih KHB k HacTOHuxeMy BpeMemi ^ocTaTon- 
ho xopoino pa3pa6oTaHa [1], bo bchkom cjrynae ^ocTiirHyTO noHHMaHHe CTpyKTypBi hx 
HH3KOHacTOTHofl nacTH cneKTpa h ochobhbix cpH3HHecKHX cbohctb. Bee CTporne KOJIH- 
necTBeHHbie cnocoGbi pacneTa xapaKTepncTHK sthx bojih HcnojiB3yioT MeTo,n nacTHHHBix 
o6jiacTeii (MHO), KOTopbifi no3BOJi5ieT cbccth 3ajxaHy Haxoac^eHna pacnpejj;ejieHHa nojiH 
b KHB k GecKOHeHHoii cncTeMe jiHHeftHBix ajireGpannecKHx ypaBHeHHft ,hjih aMnjiHTyn, 
napn;HajibHbix bojih npocTbix peryjinpHBix o6jiacTeii. PenieHne Taxnx cncTeM no,npa3y- 
MeBaeT hx pe/xyKiniio h Hcnojib30BaHHe fljia pacneroB KOMnbioTepoB. HpcTHraeMan npn 
3tom TOHHocTb BbiHHCJieHHH cneKTpa HHJKHefi HacTH cneKTpa bo bchkom cjiynae npeBbinia- 
eT noTpe6HOCTH npaKTHKH npn coBpeMeHHOM ypoBHe TexHOJiornn H3roTOBjieHHH ceKHiift 
BOJiHOBo^a; b stoh paGoTe HcnojiB3yeTCH pe^xo BCTpenaioHrHHCH b Teopim KHB BapiiaHT 
MHO [2,3]. 

TeopHH B036yjK^eHiis[ KHB HBH^KyrrniMHCH 3apji>KeHHbiMH HCTOHHHKaMH pa3pa6oTaiia 
HecpaBHeHHo xysce. Xoth h HMeeTCH pafl pa6oT [4,5], b kotopbix paccMaTpHBaeTCH Taxan 
3a,n,aHa, onriaKo b hhx oTcyTCTByeT aHajiH3 npocTpaHCTBeimo-BpeMeimoro pacnpe^ejieHiui 
B036yjK^aeMoro nojis h HeT KOJiiiHecTBemibix pe3yjibTaTOB BbiniicjieHiia noTepb 3Heprnn 
hctohhhkbmh fljiH 6jih3khx k ncnojib3yeMbiM Ha npaKTHKe pa3MepaM KHB. Bojiee toto, 
b 9thx pa6oTax BCTpenaioTCJi pH/i; npoTHBopenamnx npyr npyry h npocTo ohih6ohhbix 
3aKjnoHeHHH. K TaKHM , HanpHMep, mojkho oTHecTH yTBepjK^eHHe, hto Bnepenii 3apH^a 
B036y>K^i;aiOTCH bojihbi c nojioHCHTejiBHoft rpynnoBoii ckopoctbio, a c3aHH — c OTpnua- 
TejiBHoii. 

Ohhoh H3 ochobhbix npHHHH flonymeHHbix b pH/i;e pa6oT HeTOHHocTeii hbjihctch Henp- 
CTaTOHHo oGocHOBaHHBiii h (popMajiBHBifi nepeHoc pa3pa6oTaHHoii JI.A. BaHHHiTeiraoM [6] 
TeopHH B036y>K^;eHH}i ohhopohhbix bojihoboji;ob Ha cjiynaft nepnoniiHecKHx cTpyKTyp. Ha 
B03MOJKHOCTB Taxoro o6o6meHHH yKa3BiBajiocB h b pa6oTax aBTopa TeopHH [6,7]. Bo H3- 
6e»caHHe pH^a TpynHOCTeii, npHcyrrnix STOMy MeTony, HHHce paccMaTpHBaeTCH penieHHe 
3a^aHH, nojiyneHHoe He ctojib o6hi;hm MeTOflOM, HMeiomiiM, oniiaKo, to npeHMyrnecTBo, 
hto ero upHMeHHMocTB b ^aHHOM KOHKpeTHOM cjiynae He TpeGyeT jjpnojiHHTejibHBix o6oc- 

HOBaHHH. 

nocKOJiBKy ^ajiee nrneTCH cTauiioHapHoe penieHHe, to b ero ocHOBy npjiHceH 6biTB 
nojioaceH npHHHiin TpaHCJiHUHOHHoft chmmctphh, KOTopBiii TpeGyeT, htoGbi npn nepeMe- 
rrj;eHHH 3apafla Ha n;ejioe hhcjio npocTpaHCTBeHHBix nepno^oB CTpyKTypBi bch KapTHHa 
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pacnpe^ejieHHa sjieKTpoMarHHTHoro nojin CMecrajiacB Ha ctojibko :ace nepno,n,OB. Boiipoc 
o KoppeKTHocTH nocTaHOBKH sa/^aHH fljia HeorpaHHHeHHofl cTpyKTypbi h cymecTBOBaHHii 
y Hee e^HHCTBeHHoro peniemui Tpe6yeT, no-BH^HMOMy, ^onojiHHTejiBHoro o6ocHOBaHHH. 
^Jifl Hac yae 6yneT flocTaTOHHo Toro, hto6bi penieHne ynoBjieTBopajio HexoTopbiM oSihhm 

CpH3HHeCKHM Tpe6oBaHHHM. 

Heo6xo^HMO, hto6bi bbihojihhjich 3aKOH coxpaHeHHa SHeprciH: H3M6H6HHe SHeprnn 
3jieKTpoMarHHTHoro nojin b cTpyKType ^ojijkho 6bitb paBHo paGoTe 9Toro nojiH Ha,n 3a- 
Ph^om b o6jiacTH, KOTopyio 3apH^ y»ce npoineji. OTcio^a c Hen36e>KHocTbio cjie/ryeT, hto 
B036y>K^i;aeMoe 3apa^;oM nojie ^ojijkho npocrapaTBCH b^ojib K^B GecKOHenHocTH 6e3 
cna^aHHH aMn jiHTynBi , to ecTB hmctb bojihoboh xapaKTep. B npoTHBHOM cjiynae HMeji 6bi 
MecTO TpaHCjijmHOHHBift nepeHoc nojiH BMecTe c 3apH,noM, He nponcxo^Hjio 6bi H3MeHe- 
hhs ero SHeprHH, a 3HaHHT h topmojkchhh 3apH/j;a, hto npoTHBopeHHT xoponio h3bccthbim 
cpaKTaM. 

Boo6rne roBopn, nojie mojkct hmctb bojihoboh xapaKTep KaK Bnepejj;H (no xojj;y jj;bh- 
jkchhh), Tax h no3a/XH 3apnjj;a. B pnjj;e pa6oT hmchho 3Ta bo3mo>khoctb MOJinajiHBo nofl- 
pa3yMeBaeTCH aBTopaMH. HaM npe^cTaBjiaeTCH ohcbh^hbim, hto penieHne 3a,n;aHH 06 H3- 
jiyneHHH 3apaja;a b HeorpamiHeHHOM K/IB mojkct hmctb npaKTHHecKoe npHjioxceHHe k 
peajiBHBiM CTpyKTypaM TOJibKo b tom cjiynae, Kor/xa nojie Ha GojibnioM paccTOHmni Bne- 
pe/XH 3apnjj;a He HMeeT BOJiHOBoro xapaKTepa h y6BiBaeT c paccTOHmieM ot 3apnja;a KaK 
o6BiHHoe KyjioHOBCKoe nojie b peryjinpHofl CTpyKType, orpaHHHeHHOH b nonepeHHOM Ha- 
IipaBJieHHH. IIo9TOMy eCTeCTBeHHO OJKH^aTB, HTO TOJIbKO b toh oGjiacTH K,HB, KOTopyio 
3apa:jj; y>Ke npojieTeji, nojie HMeeT bojihoboh xapaKTep h npe,ncTaBji5ieT co6oft cynepno3H- 

HHK) CoGcTBeHHBIX BOJIH K,HB C nOCTOHHHBIMH aMn JIHTy/iaMH . 

IlojiHoe H3MeHeHHe aHeprnn nojin b oGteMe K^B npn nepeMenieHHH 3apH,na, a, cjie- 
,HOBaTejiBHO, h TepjieMan hm KHHeTHHecKaa SHeprna, npn ycjiOBHH nocTOHHCTBa aMnjiH- 
Tyn, B036y>Kji;eHHBix co6ctb6hhbix bojih oGycjioBjieHo HeH36e>KHBiM H3MeHeHHeM o6T.eMa 
CTpyKTypbi, 3anojiHHeMoro nojieM no Mepe cjie,noBaHHH 3apH^a, h mojkct .nonojiHHTBcs 
enie noTOKOM sHeprnn nepe3 nonepenHoe ceneHne Ha 6ecKOHeHHocTb. npe,ncTaBji5ieTC5i 
ecTecTBeHHBiM, hto 3tot noTOK ji;oji>KeH 6biTb HanpaBjieH ot 3apnji;a h, cjie,noBaTejiBHo, 
b bojihobom nojie npeo6jia,naioriiHH BKjia/i; b stot noTOK j^ojijkhbi ,naBaTB co6cTBeHHbie 
bojihbi c oTpHH,aTejibHOH rpynnoBoii cKopocTbio, y KOTopbix HanpaBjieHHe BeKTopa noiiH- 
THHra npoTHBonojioacHo HanpaBjieHHio Ha6era cpa3Bi bojihbi Ha nepHo/ie (nocjie^Hee b cnjiy 
TpaHcjuiHHOHHOH cHMMeTpHH coBna,naeT c HanpaBjieHHeM jxBHsceHHH 3apH^a). B npoTHB- 
hom cjiynaeH b KffB HMeji 6bi MecTO cTaHiioHapHBiii noTOK sHeprnn H3 o6jiacTH, r^e 

OTCyTCTByiOT HCTOHHHKH H3 Jiy HeHHH . 

1. Ilojie ToneHHoro 3apa,zi,a, ^BioKymeroca no och Kpyrjioro 
^nacpparMHpoBaHHoro BOJiHOBO^a 

llyCTB TOHeHHBIH 3apH^ Q ^BHJKeTCH C nOCTOHHHOH CKOpOCTBK) V — 0C B^OJIB OCH 

K,H,B. 06o3HaHeHHe Bcex pa3MepoB BojiHOBo^a h pacnojioaceHHe HcnojiB3yeMoii flajiee ii;h- 

JIHH^pHHeCKOH CHCTeMBI KOOp^HHaT (p, tp, z) HCHBI H3 pHC. 1. H3-3a CHMMeTpHH CTpyKTy- 

pBi h TpaeKTopHH ^BHJKeHHH 3apH^a cjie^yeT, hto b B036y>K^aeMOM sjieKTpoMarHHTHOM 
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nojie OTjiHHHbie ot Hyjisi cocTaBjunouiHe Ep^Ez^H^ He 3aBHCHT ot yrjia (p. Hone 3a- 
pH^a ^ojijkho o6jia,naTb TpaHCJiHHHOHHoii CHMMeTpneft, to ecTB Bee ero cocTaBjunouiHe 

YflOBJieTBOpHIOT COOTHOHieHHHM BH^a 



E z (p, z + 2Dn, t + 2Dn/v) = E z (p, z, t) , 



(1.1) 



r,ne n - hhcjio npocTpaHCTBeHHBix nepnoflOB KffB ( n < - cjieBa, n > - cnpaBa 
ot njiocKocTH z = ). riosTOMy ^ocTaTOHHo Haft™ nojie b KaKoft-HnGynB o^hoh nneftKe, 
npe^cTaBjunomeft coGoft nepnofl K,U,B: nojie b jno6oft ,n;pyroft HHeftfce, OTCTOinneft Ha n 
nepnoflOB, 6yn;eT TaKHM ace, ho nepe3 HHTepBaji BpeMeHH At = 2Dn/v . BbiSepeM b Kane- 

CTBe TaKOH HHeHKH o6jiaCTB —d < Z ^ 2D — d , B KOTOpoft MOJKHO BBI^ejIHTB ^Be HaCTHH- 

HBie oGjiacTH, npeflCTaBjunouxHe co6oft OTpe3KH Kpyrjioro BOjiHOBO^a cooTBeTCTByiouxero 
pa^nyca: o6jiacTB A (d < z < 2D — d, < p < a) h o6jiacTB B (\z\ < d, < p < b) . 




Phc.1. CeneHHe Kpyrjioro ^HacpparMHpoBaHHoro BOJiHOBO^a 

B nojie 3apH^a, flBiDKymeroca: paBHOMepHO b^ojib och oflHopoflHoro Kpyrjioro bojiho- 
Bo^a pa/rnyca R h npojieTaiomero njiocKocTB z = b momcht t — , otjihhhbi ot Hyjisi 

C0CTaBJI5H0HI,He 



E*(T,t) 



E*(r,t) 



2 Q ■ ( +\ 



2 Q \^ h(y n plR) -\ z -vt\v nl /R 

R2 h J iK) 



tf«(r,t) = PE*(r,t), 



(1.2) 



rjre pejiHTHBHCTCKHfi cpaKTop 7 = 1/y 1 — /3 2 , J ra (x) - cpyHKHHH BeccejiH nopH^Ka n , 
z/„ - KopHH ypaBHeHHH JoC^) — (cm., HanpHMep, [8]). 

PacKjia^BiBaH Bee cocTaBjunouiHe nojiH b HHTerpajiBi OypBe BH/xa 



oo 

E(r,t) = J E(r,u)e~ iu)t du , 



(1.3) 
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nojiynaeM cjie^yioin;He BBipaJKeHHH rjik Oypbe-KOMnoHeHT nana (1.2): 



E*{v,u) 



—i- 



.QT 



irvy 
QT 



K (|r|p)-/ (r P )^M]e^ = E*{p,u>)& 
K {\T\R) 



I (TR) J 



e v 



;i.4) 



r,ne T = k/ft'-f, k = ou/c, K n (x) h I n (x) — cooTBeTCTBeHHo cpyHKHHH MaK^oHajib^a h 
MOflH(pHii;HpoBaHHi>ie cpyHKHHH BeccejiH 1-ro po^a nopa^Ka n . 

CoBOKynHocTB nojieli (1.2) b flByx nacTHHHbix oGjiacTax paccMaTpHBaeMoii hhchkh, 
oneBH^HO, He MOJK6T cjiyjKHTB penieHHeM 3a,n;aHH, nocKOJibKy npn stom Ha rpaHHHe 06- 
jiacTeii b hjiockocth z = d He BBinojiHHeTcsi rpaHHHHoe ycjioBHe E p = b HHTepBajie 
a < p < b h He oGecneneHa HenpepbiBHOCTb TaHreHHHajiBHBix cocTaBjunonnix nojieii npn 
< p < a . J\jik BbinojiHeHHH nepenHCJieHHbix ycjioBHii b KajK^oft H3 BbiflejieHHbix 06- 
jiacTeii hhchkh k Oypbe-KOMnoHeHTaM (1.4) Heo6xo,n;HMO ^,o6aBHTb Oypbe-KOMnoHeHTbi 
nojiH, yflOBjieTBopHiomero ypaBHeHHSiM MaKCBejiJia, cboGo^hbim ot hctohhhkob. C yne- 
tom nojiHpH3an;HH nojiH ^BHacymerocH 3apH,na b KanecTBe TaKoii ,no6aBKH ^ocTaTOHHo 
b3sitb cynepno3HHHio a3HMyTajiBHo cHMMeTpHHHBix E— bojih Kpyrjioro BOJiHOBOfla coot- 
BeTCTByioH^ero pa^nyca R : 



E? s , p (r,u) 



hfJ^p/R) 
RJAu s ) 



,±ih R z 



V 8 Jq{VsP/R) ±ih R z 

R 2 Ji{v s ) 



8 = 1,2, 



(1.5) 



rfle npoflOJibHBie bojihobbic nncjia hf = a/ k 2 — (u s /R) 2 . Bbi6paHHan HopMnpoBKa cpyHK- 
HHH (1.5) ^ejiaeT Han6ojiee KOMnaKTHoii 3anncB nocjieflyiomHx ypaBHemift. 

HTaK, Oypbe-KOMnoHeHTbi nojia b flByx peryjinpHBix oGjiacTHX hhchkh HmyrcH b BH^e: 

b o6jiacTH A — 



Ep(r,u) 
E z (r,u) 
H v (t,u) 



E [A a E'jT, U )+A-.El, tP (T,u,)]+E*(r,u,), 

s=l 

00 

E [AsEl z (r,u) + A_ s E"_ SjZ (r,u)]+E" z (r,uj), 

s=l 

00 

£ [A s Hl^v,u)+A_ s Ht s ^{v,u)\ +/3E a p (r,uj); 



s=l 



(1.6) 
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b oGjiacTH B - 
E p (r,oj) 

E z {v,u) 

H v (r,u) 



oo 



£ [B s El p {v,u) + B. a Et a Jr, U )] + E b (r,u) , 

s=l 

oo 

E [B a E b ,jT lU ) + B. a Et a jT lU )]+E b g {T 1 cj) 1 

s=l 

oo 



(1.7) 



r,ne Ag, 5 S , 5_ s - HCKOMbie K03(p(pHi];HeHTbi, 3aBHC5nu,He npn 3a^aHHt>ix pa3Mepax 
K,U,B h napaMeTpax 3apa:^;a tojibko ot nacTOTBi a; , a ocTajiBHbie cpyHKHHH b npaBbix 
nacTHx 3thx cooTHoiiieHiili onpe,nejieHbi Bbinie. 

YcjioBHe HenpepbiBHocTH nonepenHbix cocTaBjunomHx nojieii Ha ycTyne Kpyrjioro boji- 
HOBo^a b njiocKocTH z = d (npn p < a ) h Tpe6oBaHHe o6pameHHJi b Hyjib TaHreHHH- 
ajiBHoii cocTaBjiJHomefi sjieKTpniecKoro nojin Ha TopueBOH CTeHKe (npn a < p < b ) 
npHBo^HT k cjie^;yioH];HM (pyHKHHOHajiBHBiM ypaBHeHHHM oTHocHTejibHo nepeMeHHofl p : 

,zyiH sjieKTpHHecKoro nojia 



1 y> Ji{v n p/b) b 



Bn e ih n d - B. n e 



-ihid 



+ E b (p,co)e^ d = 



npn a < p < b, 

- Y M y{ a) h a n \A n e ih - d - A_ n e-^ d ] + E a (p, u)e^ d npn < p < a; 



^jih MarHHTHoro nojiH 



k J\iy n p/b) 



B n e lh - d + B_ n e 



-ihld 



+ pE b ( P ,ouy- d = 



(1.9) 



- V Jl( T Z/ " P ( a) \A n e ih " d + A_ n e-^ d ] + (3E a (p, co)e^ d npn < p < a 



^OMHOJKasi ypaBHeHHe (1.8) Ha p Ji{v m p/b) h HHTerpnpyn no p otOao b , nojiynaeM 
GecKOHeHHyio cncTeMy jiHHefiHbix ajireGpannecKHx ypaBHeHHfl fljia hckombix KoscpcpHHH- 
eHTOB: 



h b n (B n e< d - B_ n e-< d ) = p n ^(A s e^ d - A_ s e~^ d ) 
2e^ d 



+ 



s=l 



bJAVn) 



r^e 



z/2 - (z/ n a/6) 2 

J E a p {p^)J x {y n plb)p&p- J E b p (p,u)J 1 (v n p/b)pdp\,n = 1,2,..., 

a\ 2 v n Jo{v n a/b) 



1.10) 



^l(^n) 



1.11) 



^oMHoacaa ypaBHemie (1.9) Ha pJi(v m p/a) h HHTerpnpyji no p otO^o a , nojiynaeM 
eme o^ho cooTHonieHHe fljiH sthx yae KoscpcpnniieHTOB: 



CO 

A n e^ d + A_ n e~^ d = V> s e^ + B.^) 2 ^ /m + 

^-(^/t) 2 (i.i2) 

2i3e t v d f a 

YcjioBHe TpaHcjuin;HOHHOH chmmctphh (1.1) A-? 13 Oypte-KOMnoHeHT 

E(p, ^ = 2D - d, w) = E(p, z = -d, u;) , 
H(p, z = 2D - d, w) = H(p, * = -d, w) , 



nojia HMeeT bh,h 
(1.13) 



r^e ip - Ha6er (pa3Bi Ha nepno^e CTpyKTypBi 2D , paBHBiii 

v 

h npHBOflHT k cjieflyiomHM cooTHonieHHHM fljia KoacpcpHHiieHTOB pa3JioaceHHH: 
sjieKTpHHecKoe nojie — 



h b n (B n e-< d - B_ n e lh - d ) 



= p n e -** J2 [A s e lhaA2D - d) - A_ s e-^ 2D ^ 



+ 



2e~^ d 



6J] 

MarHHTHoe nojie 



s=l 
u 



{v n a/b)' 



+ 



A n e iK{2D ~ d) + A_ n e" i/l " (2D_d) = 

CO 

— / - [y 8 a/by 

- i R(p,^>- i-:';,ip.^ J:i^p/a)p ( \p. 



8 = 1 

2f3e^~^ 
kaJi(v n ) J 
Bbo^s BcnoMoraTejiBHBie KoscpcpnuHeHTBi 

{B n + B_ n ) cos h b n d, 



D n = 



E„ — 



G n 

BBIHHCJIHJI HHTerpajiBi 

E b (p,uj)Ji(u n p/b)pdp 



(B n - B_ n ) sin h b n d , 
(A n e ih " D + A_ n e- lh " D ) e^' 2 cos h a J , 
(A n e ih - D - A_ n e- ih « D ) e"^ 2 sin h a J , , 



(1.14) 



(1.15) 



(1.16) 



(1.17) 



E a Jp,uj)J 1 (u n p/b)pdp = 



Qb v n J (v n a/b) 1 



nv (Tbf + vl Jo(ra)' 



X w) - = - (ra)2 + Vl [-j^ ~ -j^ry 

nocjie Hecjio>KHt>ix ajire6paHHecKHx npeo6pa30BaHHH nojiynaeM GecKOHenHyio cHcreMy jih- 
HeftHbix ajire6paHHecKHX ypaBHeHHft OTHOCHTejiBHO KoscpcpHirneHTOB D n ,E n , KOTopyio 
yn,o6Ho 3anncaTB b MaTpniHOM BHne; 



M X 



;i.i8) 



IIpH HHCJieHHOM peniemiH GecKOHeHHoii cncTeMbi ypaBHeHiift ee npuxoflHTca penyuH- 
poBaTB, to ecTB ocTaBjiHTB KOHeHHoe hhcjio ypaBHeHHii h Heii3B6CTHBix . ,H,ajiee no,npa3y- 
MeBaeTca, hto MaTpnua M KBanpaTHaa h coctoht H3 neTBipex KBanpaTHBix MaTpniHBix 
6jiokob, HMeioniHx pasMepHOCTb N : 



Psin^/2 Qcos^/2 



M 



Rcos^/2 Ssin^/2 

Tax hto pa3MepHocTB MaTpiiiTBi M paBHa 2N . 

3jieMeHTBi Gjiokob MaTpHiiBi iimciot cjienyronriiH BH,n;: 

P-mn $mn h n Cl tg h n d Pmn , 

Qmn $mn h n (X Ctg fl n d -\- Pmn , 

Rmn $mn ^rfl ^§ ^rA ^mn 5 

Smn &mn ^rfl ^lg h" n d ^mn , 

rne 5 mn — chmboji KpoHeKKepa, 



m, n 



1,2, 



N, 



(1.19) 



;i.2o) 



h*a tghfl 



^ [vf - {u n a/b) 2 \{uf - {u m a/b) 2 \ 

Eh^a ctg hfl 



H n onpenejieHBi b (1.11), a BepxHiift npe^eji cyMMnpoBaHHH I BBiGnpaeTCH floeraTOHHO 
GojibniHM, bo bchkom cjiynae / > N . B tom ace nopa^Ke peflyiarHii pa3MepHocTB BeKTopa- 
CTOJi6n;a penieHHH ypaBHeHHst (1.18) X paBHa 2N : nepBBie N sjieMeHTOB cocTaBjinioT 
KoscpcpHHHeHTBi D n , nocjieHyionrHe - E n . BeKTop-cTOJiGen; F npaBoii nacTH ypaBHeHHH 
(1.18), ecTecTBeHHo , HMeeT Ty nee pa3MepHocTB 2N ; ero nocjie^oBaTejiBHBie sjieMeHTBi 
U n h V n HMeioT cjieayioiiiHH bh^: 



[ - £ n COS — / + ?7(J2„ Sill —I) 



Qa 



U r 



7TC 



nc(3 

Qn n , . oj u A Qa 

— -( sm —I - r}cr ln cos —I) = v n , 

7TCp V V IXC 



n 



1,2, 



iV, 



:i.2i^ 



9 



r^e 



2Ta 

7 



6\2 



a J J (ra)[(r&)* + i£]' 



/o(rfe) 



/o(ra)-AT (|r|a) 



0"! 



/i?a tg /if Z 



02 



^ [„ 2 - (>w>) 2 ] [(ro.) 2 + *, 2 ] - 

h? a ctg /i"Z 



IIpHBe^eM ein;e (popMyjiBi, c noMomBio kotopbix no Han^eHHbiM b pe3yjit>TaTe perne- 
hh2 ypaBHeHHH (1.18) Kos(p(pHn;HeHTaM D n , E n BBipascaioTCJi KoscpcpnnneHTBi F n , G n , 
onpe,n,ejmioiiiHe nojis b oGjiacTH A : 



N 



\D m cos — + E m sin — 



m=l 
N 



m=l 



2 

. 1> 



/V, 



7/ 



- COS -Z 

2Jvl-(is m a/b) 2 ' 7rw (fa) 2 + z/ 2 v 



'"' Sm 2 ^^^-(^a/fc) 2 ™ {Taf+vl 



> (1.22) 



sin — /. 



Otmcthm, hto npn Bbi6paHHOM npe^cTaBjieHnn (1.17) KoscpcpHiriieHTOB D n , E n , F n , G n 
Bee sjie-Me-HTbi MaTpninj M (1.19) - ^eiicTBHTejiBHBie 6e3pa3MepHbie BejiHHHHBi bo Been 
o6jiacTH lacTOT u , b tom HHCJie n TaM, r^e npo^ojibHbie bojihobbic HHCJia Kpyrjioro boji- 
HOBo^a h!% hhcto MHHMbie; npn stom 6jioHHBie MaTpunti P, Q, R, S - cHMMeTpHHHBie. 

CoBOKynHOCTB cpopMyji (1.1) — (1.22) nojiHOCTbio onpe^ejiaeT OypBe-KOMnoHeHTbi Bcex 
coeraBjifliomHx nojin 3apji^i;a, flBiDKymerocH b^ojib och K/IB. O^Haxo Taxoe npe^cTaB- 

JieHHe HOCHT B 3HaHHTejIBHOH CTeneHH (pOpMajIBHBIH XapaKTep H MajIO O HQM TOBOpHT 

flo Tex nop, noKa He onpe^ejieHa MeTOflinca peHiemis ypaBHemiH (1.18) n He BBiHBjieHBi 
ocoGeHHocTH BBiHHCJieHHs HHTerpajioB OypBe (1.3). 

OopMajiBHoe penieHHe ypaBHeHHH (1.18) Jierico npe^cTaBHTB c noMomBio o6paTHoii 
MaTpnn;bi: 

X = lVr 1 F. (1.23) 

O^Haxo TaKoii bh/i; penremrji MaTpHHHoro ypaBHeHHsi TepaeT cmbicji Ha Tex nacTOTax uj , 
Ha KOTopbix onpe^ejiHTejiB MaTpninsi | M | = . Ilpn onpe^ejieHHBix ycjioBHHx b stom 
cjiynae CHCTeMa jihhchhbix ajireGpannecKHX ypaBHeHHft mojkct HMeTB otjihhhbic ot Hyjisi 
penieHHH h b tom cjiynae, Kor^a OHa oflHopoflHaa, to ecTB Kor^a npn ee MaTpHHHoft 
3anncH (1.18) BeKTop-CTOJiGen; F = . Taxne pernemrH onpe^ejinioT co6cTBeHHBie bojihbi 
K,HB, upHHeM fljia 3aMKHyTBix nepno^HHecKHX CTpyKTyp ohh xoporno H3yHeHbi. O/THaKO 
HaM Heo6xo^HMo npHBecTH 3^ecB KOHKpeTHBie BBip a>KeHHsi fljia nojieft h 3HepreTHHecKHx 
xapaKTepncTHK sthx bojih npn BBi6paHHOM HaMH cnoco6e npe/TCTaBjieHHH pe3yjiBTaTOB. 
Kax bbihchhtch H3 flajitHeiiiiiero, HMeHHo 3th bojihbi onpe^ejiHioT noTepn 3HeprHH 3apH^a 
Ha H3JiyHeHHe npn ^bhjkchhh b K/IB . 
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2. Co6cTBeHHbie bojihbi Kpyrjioro flHacpparMHpoBaHHoro 

BOJIHOBO^a 

IIpH 4)HKcnpoBaHHt>ix reoMeTpHHecKHx pa3Mepax cTpyKTypBi sjieMeHTbi MaTpnnBi M 
hbjihiotch (pymajHHMH ppyx nepeMeHHbix: Ha6era (pa3Bi bojihm Ha nepnofle CTpyKTypBi ip 
h nacTOTBi u . B 3ajj;aHe 06 H3JiyneHHH paBHOMepHo j^BHJKymeroca 3apHjj;a nepeMeHHBie ip 

H bj CBH3aHBI COOTHOHieHHeM (1.14), BBITeKaiOUXHM H3 TpaHCJIHHHOHHOH CHMMeTpHH 3ajj;a- 

hh; npn aHajiH3e :sce cbohctb coGctbchhbix bojih nepHOJ^HHecKoii CTpyKTypBi hx cnepyeT 
paccMaTpHBaTB Kax He3aBHCHMBie nepeMeHHBie. 

Kasc,n;oMy 3HaneHHio ip cooTBeTCTByeT GecKOHenHBifi j^HCKpeTHBiii cneKTp 3HaneHHH 
ou s (ip) , npn kotopbix oGparnaeTcs b HyjiB onpeflejiHTejib MaTpninj M . H3 aHajiH3a cTpyx- 
TypBi 6jiokob MaTpnn;bi M cjie,ayeT, hto (pyHKHiin u s (ip) , npeflCTaBjiHiomaa co6ofl jxhc- 

IiepCHOHHyiO KpHByiO S -ft Co6cTBeHHOH BOJIHBI, HBJIHeTCH HeTHOft h nepHOJi;HHecKOH, Tax 

hto ji;ocTaTOHHo 3HaTb ee noBe/i;eHHe b HHTepBajie ^ ip ^ 71 . 

IlpH ip = HyjiH onpeflejiHTejiH MaTpnHbi M coBna^aioT c HyjiHMH onpeflejiHTejia 
o/i;hoh H3 MaTpnn; Q hjih R , ajieMeHTbi kotopbix onpeflejieHbi cpopMynaMH (1.18), a npn 
ifj = 7r c HyjiflMH onpeflejiHTejifl MaTpnuBi P hjih S . 3HaHeHHH u s (0) h u s (tt) HMeioT 

Onpe^ejieHHBIH (pH3HHeCKHft CMBICJI. OHH HBJIHIOTCH Co6cTBeHHBIMH HaCTOTaMH BCnOMO- 

raTejiBHoro pe30HaTopa, npeflcraBjiHiomero co6oft nojioBHHy paccMaTpHBaeMoft nneftKH 
K/IB c Topi^eBBiMH CTeHKaMH npn z = h z = D . HyjiH onpe^ejiHTejiH MaTpHHBi 
Q onpeflejiaioT coGcTBeHHBie nacTOTbi pe30HaTopa, y KOToporo o6e TopueBBie ctchkh 
HfleajiBHo npoBo^Hnnie, HyjiH onpeflejiHTejis MaTpnubi R - coGcTBeHHBie nacTOTBi pe30- 
HaTopa c « HfleajiBHBiMH MarHHTHBiMH » Topn;eBBiMH CTeHKaMH (Ha TaKHx cTeHKax paBHa 
Hyjuo cocTaBjiHiouxaH MarHHTHoro nojin H v h HopMajiBHaa cocTaBji5nom,aa ajieKTpHne- 

CKOrO nOJIH E z ). CoBOKynHOCTB Co6cTBeHHBIX HaCTOT 3THX pe30HaTOpOB Ha njIOCKOCTH 

nepeMeHHBix (ip,oo) onpe^ejineT tohkh nepeceneHHH Bcex jxiicnepcHOHHBrx kphbbix co s (ijj) 

Co6cTBeHHBIX BOJIH K,HB C JIHHHeii ijj — . CoBOKynHOCTB Co6cTBeHHBIX HaCTOT pe30Ha- 

TopoB, y kotopbix oflHa H3 cTeHOK H^eajiBHo npoBOflHmaH, /xpyran - «Hfleajit>Haa MarHHT- 
Has», onpe^ejiHioT tohkh nepeceneHHii ^HcnepcHOHHBix kphbbix K,HB c jihhhch ip = tt . 
HyjiH onpe^ejiHTejiH MaTpnHbi P cooTBeTCTByioT coGctbchhbim nacTOTaM pe30HaTopa, y 
KOToporo Hji;eajibHo npoBo^Hnxeft hbjihctch cTeHKa z = ; HyjiH onpe^ejiHTejin MaTpnHbi 
S — pe30HaTopa c H^eajiBHo npoBO^njeft ctchkoh z = D . 

CorjiacHo oGmeft TeopHH nepHo^ninecKHx cTpyKTyp [4] rpynnoBBie ckopocth hx co6- 

CTBeHHBIX BOJIH npOIIOpHHOHajIBHBI npOH3BO^HOH COOTBeTCTByiOUXeH ^HcnepcHOHHoii KpH- 
BOft H B K,H,B C npOCTpaHCTBeHHBIM nepHO^OM 2D paBHBI 



Ilpn ip = h tfj = it nojie co6cTBeHHoii BOJiHbi K,HB coBna^aeT c nojieM coGctbchho- 
ro Kojie6aHHH cooTBeTCTByiomero BcnoMoraTejibHoro pe30HaTopa, KOTopoe npe^cTaBjineT 
co6oii CTOHHyio Bojmy, cjie^OBaTejibHO, h rpynnoBaH ckopoctb, h npoH3BO^HBie du s /dijj 

B 3THX TOHKaX paBHBI HyjIIO. 

npHHII^Hn npHHHHHOCTH, Tpe6yK)IHHH BbinOJIHeHHH HepaBeHCTBa V gr < C , HaKJia^BIBa- 

eT orpaHHHeHHe Ha 3HaneHHe npoH3Bo^HOH 



v gr (s,tp) = 2D 



(2.1) 



du s 



c 



(2.2) 



di\) 
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npn Bcex 3HaneHHHX if) . IIo3TOMy cpyHKiniH u s (ip) orpamweHa, a niiipiiHa nojiocBi na- 
ctot, b npenejiax KOTopofi MoaceT pacnpocTpaHHTBCH Ka:>K,naH co6cTBemiaH BojiHa K/IB, 
Bcerfla MeHBine tic/ 2D . 

H3 oSmnx (pH3HHecKHx coo6pa>KeHHH cjienyeT, hto nocjienpBaTejiBHBie niicnepcHOH- 
HBie KpiiBBie u s (ip) h u s+ i(ip) He MoryT nepeceKaTBCH. OyHKiniH u s (ip) Ha HHTepBajie 
ip arOflo 7i mojkbt 6biTb MOHOTOHHofl, h Torfla rpynnoBan ckopoctb co6cTBeHHoii bojihbi 
Ha BceM 3tom HHTepBajie HMeeT o,3;hh h tot ace 3HaK. Ecjih npn stom u s (0) < u s+ i(tt) h 
oo s (tt) < u s+ i(0) , to Mencny nojiocaMH nacroT, b npenejiax KOTopbix pacnpocTpaHHKxrcH 
3th bojihbi, HMeeTCH nojioca nacTOT, rjj;e pacnpocTpaHHiornHxcH bojih hct; ecjin :sce o/xho H3 
3thx ycjiOBHii He BBino JiHeHO , to nojiocBi Henpo3paHHOCTH Mencny sthmh coGctbchhbimh 

BOJIHaMH KJJB HeT. 

Ecjih ace xoth 6bi oniia H3 cocenHHX niicnepcHOHHBix kphbbix He hbjihctch mohotoh- 
Hofi Ha HHTepBajie ip ot flo n , to y Hee Ha stom HHTepBajie o6ji3aTejibHo npjiHceH 
6bitb no KpafiHefi Mepe ohhh jioKajiBHBiii MaKCHMyM hjih MHHHMyM. Ka^KHBifi jioKajiBHbifi 

SKCTpeMyM COOTBeTCTByeT CTOHHefi BOJIHe B K,H,B. ripH yCJIOBHH, HTO SKCTpeMyM JieJKHT 

BHe HHTepBajia [o; s (0),o; s (7r)] , nojiocbi Henpo3paHHocTH mojkbt He 6bitb ^axce npn bbi- 
nojiHeHHH npHBe^eHHBix BBinie HepaBeHCTB. 

npocTpaHCTBeHHan cTpyicrypa nojra s -fi coGctbchhoh bojihbi onpen,ejiHeTCH BercropoM 
pememiH o/iHoponHofi cncTeMbi ypaBHeHHfi 

MK)X s = 0, (2.3) 

KOTopBifi b oTjiHHHe ot penieHHH X Heo/XHoponHofi cncTeMbi (1.18) noMenaeM hh^ckcom 

S H BepXHHM 3HaHKOM ~ . 

CncTeMa ypaBHeHHfi (2.3) hbjihctch 6ecKOHenHoft, h no3TOMy ccpopMyjnrpoBaTB ycjio- 
BHe HajiHHHH penieHHH y TaKoii onHoponHofi cncTeMbi HenpocTo. npn HHCJieHHOM penieHHH 
cHCTeMBi MaTpHuy M Heo6xo^HMo penyunpoBaTb (Gojibhihhctbo npHBoniiMBix ^ajiee pe- 
3yjiBTaTOB nojiyneHBi fljia MaTpnnbi pa3MepHocTH N = 500 ). 

,H,jih KBanpaTHofi MaTpninj M pa3MepHocTH N , corjiacHo o6mefi TeopHH onHopo/i,- 
hbix jiHHefiHBix ajireGpannecKHx ypaBHeHHfl [9], ypaBHeHne (2.3) mohcct hmctb otjihhhbiA 
ot HyjiH BeKTop-CTOji6en; penieHHH X s npn BbinojiHeHHH HByx ycjiOBHfi: 1) | M | = h 
2) paHr MaTpHHBi R < N . 

TaKoii BeKTop-CTOJi6en; 6yn,eT eniiHCTBeHHBiM npn ycjioBHH N — R = 1 , a H3 BH^a 
ypaBHeHHH (2.3) oneBHHHO, hto oh onpe^ejineTCH c tohhoctbio n,o npoH3BOjiBHoro kom- 
njieKCHoro mhohchtc jih . 3Ta Heonpe^ejieHHocTb penieHHH onHoponHofi chctcmbi oTpantaeT 

npOH3BOJIbHOCTB aMnjIHTy/XBI .As H (pa3BI 9 S co6cTBeHHoii BOJIHBI. 

BeKTop penieHHH X s MonceT 6bitb HafineH Ha ocHOBe H3BecTHoro cBoficTBa BBiponc- 
n,eHHOH MaTpnnbi: Bee ctoji6hbi cooTBeTCTByiouxefi npHcoeniiHeHHofi MaTpnnbi jiHHefiHo 

3aBHCHMBI, H JII060H H3 HHX MOHCeT 6BITB B3HT B KaHeCTBe penieHHH OHHOpOHHOfi CHCTe- 
MBi (BBipoHcneHHoft Ha3BiBaeTCH MaTpnn;a, onpe^ejiHTejiB KOTopoii paBeH Hyjno, a npnco- 
e^HHeHHofl — TpaHcnoHHpoBaHHaH MaTpnn;a ajireGpannecKHx ^onojiHeHHii cooTBeTCTBy- 
iom;Hx ajieMeHTOB). 

OniiaKo TaKoii cTporo oGocHOBaHHBiH cnocoG penieHHH onHoponHoft cncTeMbi jiHHeli- 
hbix ajireGpannecKHx ypaBHeHHfi npn nncjieHHofi ero peajiH3aniiH ^;jih paccMaTpHBaeMofi 
KOHKpeTHofi 3a^anH He yn,o6eH. HaMH 6biji HcnojiB30BaH npyrofi cnoco6, cTporoe MaTe- 
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M&THiecKoe o6ocHOBaHHe KOToporo 3^ecb onycxaeTCH, ho npHBO^HTCH ero KpaTKoe onn- 
camie. 

IlycTb HMeeTca MaTpnija, ajieMeHTBi KOTopoii hbjijiiotch (pyHKHHJiMH nacTOTBi u , Ta- 
Kaa, hto Ha HeKOTopBix nacTOTax u s oiipe^ejiHTejiB stoh MaTpHHM HMeeT Hyjin nepBoro 
nopaflKa, to ecTB | M(w) | — > (uu — uj s ) C npn uj — > u s , r^e C ^ . Ha nacTOTe u s 
o6paTHan MaTpnija M _1 He cymecTByeT, ho cynxecTByeT npe/xeji 

M(u> 8 ) = lim r^L^i M- 1 ^)! . (2.4) 

y MaTpHHBI M(o; s ) BCe CTOJl6lTBI H BCe CTpOKH JIHHeftHO 3aBHCHMBi; BCe SJieMeHTBI 
MaTpHHBI rhi yn CBH3aHBI COOTHOHieHHeM 

1T^m,n Z j i ■ ■ ■ j 

m,i,i 

to ecTB MaTpniia nojiHocTbio onpe^ejiaeTCH jjByMs BeKTopaMH. B ^ajiBHefinieM b KanecTBe 
TaKHx, o^H03HaHHo onpe,nejieHHBix BeKTopoB, 6yneM Hcnojib30BaTb cToji6en; h l-io 
CTpoxy MaTpHHBI M(u; s ) . 

J1io6oh cToji6en; MaTpHHBI M(u s ) npeflCTaBjiaeT coGoii perneHHe MaTpHHHoro ypaBHe- 
hhh (2.3). B ^ajibHeflnieM nqn; KOMnoHeHTaMH BeKTopa X s (w s ) , to ecTb KoscpcpHHiieHTaMH 
D s>n , E SjJl , 6yneM noHHMaTb 1-fi cTOJi6en; MaTpnHbi M(u s ) , a Heonpe^ejieHHocTb penie- 
HH2 ypaBHeHHa (2.3), BBipa:sceHHyio b BH/j;e npoH3BOJibHoro KOMnjieKCHoro mho^khtcjih, 
6yneM yHHTbiBaTB b aMnjiHTyne A s h cpa3e 9 S co6ctbchhoh bojihbi K,HB. 

B pe3yjiBTaTe b cootbctctbhh c cpopMyjiaMH (1.3) h (1.7) npn COCTaB- 
jiJHOiHHe nojiH s-fl co6cTBeHHoii bojihbi K,H,B b o6jiacTH B HHeflKH mojkho 3anncaTB B 
cjie^yioiHeM A6hctbht6jibhom bh j\e: 



A s k s ^ Ji{v n p/b) 

b ^ J,K) x 

r~ cos htz , ~ sinhtz 

X \ D s,n TT1 COs(uJ s t + 9 s ) + E s>n —f- 

L cos h b n d smh b n d 



smh b n z . , , n 



E 8 ,z{v,t) = 



As y- MvnP/b) h b x 

b ^ JxK) » 

r~ sin h b n z . 

x \ D »,n TT1 sin(o; s * 

L cos h b n d 

A s ^ U n J (u n p/b) 

b 2 ^ JiK) X 

n=l v ' 

r~ cos htz . ~ sinhtz 

\ D w rh sm(oj s t+9 s ) - E s ^ n . " cos 

L cos h b n d smh b n d 



/ /i \ COS h b „Z 1 

^s 1 n(a,. i+ ^) + B„„-^cosK i+ ^) 



X 



5(^+6*5) 
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CocTaBjiJHomiie nojia b oGjiacrn A oupe^ejiHioTCJi KoscpcpHHiieHTaMH F SjU , G s>n , ko- 
Topt>ie cB33aHbi c D s ,n, E St n cooTHoineHHHMH (cm. TaKJKe (1.22)) 



N 



lD SjTn cos - + E S:Tn sin 



m=l 
N 



G„ 



Ex- ^ ^ 

[D Sjm sin - - £ Sjm cos- 



m=l 



pm 



) n=l,2,...,N, (2.6) 



2J,£-(v m a/b)*' 



n MoryT 6bitb 3anncaHBi b BH^e 



sin h a n (z-D) 



x 



~ cosh",(z-D) ip ~ 

F sn n \ , 1 cos + G 



COS /l^Z 



, „ - - — — — sm(tu s t — — +9 s ) 
sinW v 2 ; 



. ' cos h%l v 2 ; ' sin/i£/ v 2 ; 

^ s ,^r, fJ--^2^ x 



X 



n=l 



</lK) 



X 



~ cos/i"(z-.D) . . , V /. \ ^ sin/i"(z-D) . , V n ^ 

Va/ Sln ^4+^ " G s ,„ W \ Q , ' COs(0J s t-^- + e s ) 

cos/o 2 sin/i"! 2 



> (2-7) 



^jis ynpomeHHH 3anncn sthx (h nocjie^yiomnx) cpopMyji y bcjihhhh h b n h h£ onymeH 
HH^exc s , cooTBeTCTByioiu;HH HOMepy coGctbchhoh bojihbi, xoth b cpopMyjiax, onpe^ejia- 
ioihhx 3th BejiHHHHbi, cjie,nyeT 3aMeHHTB k Ha k s (cmotph Taxace (1.1)). 

Ilojie b jno6ofl to nice K,H,B, oTCTOHiHeii ot cooTBeTCTByioin;eii tohkh z paccMaTpnBa- 
eMofi hhchkh Ha n nepnoflOB, onpe^ejiHeTca corjiacHo TpaHcjismiioHHoii chmmctphh: 

E s (p, z + 2Dn, t + mp/uj s ) = E s (p, z, t) . 

HanpaBjieHHe pacnpocTpaHemra coGctbchhoh bojihbi K,ZIB onpeflejiaeTca 3HaKOM ip . 
H3 CTpyKTypBi MaTpHHBi M hcho, hto u s h D s>n neTHBie cpyHKipiH ip , a E s>n 
HeneTHBie; H3 (2.5) cjie/xyeT, hto F s n neTHBie cpyHKipiH if) , a G Si „ - HeneTHBie. IIo- 

3TOMy fljlfl COCTaBJIHK>IHHX nOJIH Co6cTBeHHOii BOJIHBI K,ZIB BBinOJIHHIOTCH COOTHOHieHHJI, 

aHajiorHHHBie cooTHOHieHHHM ^jih coGctbchhoh bojihbi o^Hopo^Horo Kpyrjioro BOJiHOBOfla: 

E z (-ij),-z) = E z (ij},z), 
E p (-ip,-z) = -E„(il>,z), 
H v (-iJ;,-z) = H^,z). 



14 



O CHOBHHMH SHepreTHHeCKHMH xapaKTepncTHKaMH Co6cTBeHHOH BOJIHbl K,U,B HBJI5HOT- 

ch ycpe^HeHHbie no nepno^y Kojie6aHH2 iiotokh BeKTopa IIoHHTHHra nepe3 nonepenHoe 
ceneHHe BOJiHOBo^a 



P s (z) = ^J E S:P (r,t)H s Jr,t)dS 



s 

h npHxo^Hiu;aHCH Ha o^hh nepno^i; CTpyKTypbi 3Hepriisi nojiH 



W s = W H s +W E s =^j H*„(r, t)dV + ^J [E*jT, t) + ^(r, t)} dV , 



v v 



KOTopBie c noMombio cpopMyji (2.5) h (2.7) BbipaxcaioTcsi b cjieflyiomeM BH^e: 
noTOK b o6jiacTH A paBeH 



noTOK b o6jiac™ B paBeH 



4 ^ s ' n s ' n sin2W ' 

n=l 71 



= ^ T D s n E s n -%- , (2.9) 

n=l ™ 

SHepriia MarHHTHoro nojiH onpe^ejiHeTCH BBipaxceHHeM 

U7 H — frfc^ /-i | + „2 (,«/ | tg^\ ^ 2 /-i i „ + „2 to; c ^g ^ 



w 
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£ {i[^,„(i+tg 2 Ay+^ff) +GJ„.(i+<=tg 2 Ki-^f )]+ 



(2.10) 



a SHeprna 3jieKTpHHecKoro nojiH paBHa 
Wf = Wf— (^,„ tg - ctg ^dj+fc" tg - B ctg ft-Z)] . (2.11) 

n=l 

OGmaa TeopHH co6ctb6hhbix bojih b nepno^HHecKHx cTpyKTypax k HacroHmeMy Bpe- 
MeHH pa3pa6oTaHa oneHb ocHOBaTejibHo [4]. B lacTHocTii, corjiacHo TeopeMaM Bejuia 
^ojijkho BBinojiHHTBCH paBeHCTBo cpe^HHx no nepno^y KOJieGaHHa MarHiiTHoii h sjiex- 
TpHHecKoft SHepriiii, npHxo^HiHHXCH Ha npocTpaHCTBeHHbiH nepnofl CTpyKTypBi. LIosTOMy 
cpe^Hee 3HaneHHe SHeprnn sjiercrpoMarHHTHoro nojiH s -ft bojihbi b HHeftfce 

W s = 2W H S . (2.12) 

Em;e o^hhm o6hi,hm fljra Bcex nepnquHHecKHX CTpyKTyp cbohctbom HBjineTCH CBS3b 
Me»c^;y cpe^Hefl SHeprneft nojiH, npHxo^HiHeftcH Ha npocTpaHCTBeHHBiii nepHOfl CTpyKTy- 
pbi, cpe^HHM noTOKOM BeKTopa LEoHHTHHra h rpynnoBofi CKopocTbio bojihw: 

— We 

P s = v gr ^. (2.13) 
15 



3to cooTHonieHiie, HapaBHe c (2.1), mojkct cjiyacHTB erne o^hhm onpe^ejieHneM rpynnoBoft 

CKOpOCTH BOJIHBI. OieBH^HO TaKJKe, HTO Cpe^HHe nOTOKH BeKTopa IloHHTHHra B oGjiaCTHX 

A h B hhchkh, onpe^ejineMBie cpopMyjiaMH (2.8) h (2.9), flojixoibi 6bitb paBHbi. 

^OKa3aTejIbCTBO 3THX CBOHCTB aHajIHTHHeCKHMH MeTO^aMH Ha OCHOBaHHH npHBe^eHHbix 

Bbiine (popMyji ^OBOJibHO rpoM03,n;KO h 3aTpynHHTejiBHO . Ho, BO-nepBbix, b stom HeT Heo6- 
xo^hmocth, h, Bo-BTopbix, H,ejiecoo6pa3Hee yGeflHTbCH b BBinojmeHHH sthx cooTHorneHHH 
npn OTjia^Ke nporpaMMbi BBiHHCjieHHH Ha KOMnbioTepe h Hcnojib30BaTb hx fljia kohtpojih 
flocTHrHyToft tohhocth b KajK^oM BapHaHTe pacneTOB. 



3. BpeMeHHaa 3aBHCHMOCTb nojia, BcoGy^KflaeMoro 

b aieiiKe 3apa,zi,OM 

riepeiifleM Tenepb k aHajiH3y noBe^eHHa nojia, B036y)K,naeMoro b HHeftKe ^BHJKyiixHMCH 
3apn^;oM, b cpyHKHHH BpeMeHH. IIpHBe^eHHbie b pa3^ejie 1 cpopMyjiBi no3BOJi5HOT 3ariHcaTb 
npo^ojibHyio cocTaBjinioiriyio sjieKTpHnecKoro nojin b BH^e cyMMbi HHTerpajioB : 

b o6jiacTH B 



oo 

E z (r,t) = E b z (v,t) + -J2 



Jiiy n ) 



-iuit 



iD r 



cos htz 



cos h h n d 



E n . , f , ) da; , (3.1) 



sin h b n d 



b o6jiacTH A 



E z (r,t) = E a z (r,t) + -J2 



X 



X 



cosK(D-z) sinK(D-z) 

II a m r ( ',. " 



COS h'tl 



sin h%l 



(3.2) 



r,ne E z (r,t) h E z (r,t) onpe^ejieHbi b (1.2). AHajiornnHBiM o6pa30M 3anHCBiBaioTCH co- 
cTaBjiJHon^He nojiH E p (r,t) h H^ir^t) . Otmcthm, hto cocTaBjinioiHas nojis E z (r,t) 
npe^cTaBjineT oco6bih HHTepec, nocKOJiBKy TOJibKo oHa oTjiHHHa ot Hyjia b^ojib TpaeKTo- 
pHH 3apH^a h Henocpe^cTBeHHo B3aHMo,neHCTByeT c hum. 

OyHKHHeft uj b no^biHTerpajibHbix Bbipa>KeHHHX (popMyji (3.1) h (3.2) hbjihiotch boji- 
HOBbie HHCjia /i" h h h n , a Taxxce KoscpcpHuneHTBi D n , E n , F n , G n , onpe^ejiaeMbie H3 
CHCTeMbi ypaBHeHHfl (1.18). Otmcthm, hto KoscpcpHuneHTBi D n h F n - HeneTHbie cpyHK- 
hhh oo , a E n h G n - neTHBie, h nosTOMy o6a HHTerpajia ^eiicTBHTejibHbie cpyHKUHH z 

H t. 

OopMyjibi (3.1) h (3.2) 6bijiH nojiyneHbi b npe,a;nojio>KeHHH H^eajibHoft npoBo^HMocTH 
CTeHOK K,ZIB. IipHHunn hphhhhhocth TpeGyeT, hto6bi ctchkh o6jia^ajiH norjiomeHHeM, 
xoth 6bi h npe^ejibHo MajibiM. JXjis paccMOTpeHHbix b pa3,nejie 2 co6ctbchhbix bojih Taxoe 
norjiorneHHe HecymecTBeHHo: oho He mchhct cTpyKTypBi nojin bo bcSm oGb-eMe K,HB h 
npaKTHHecKH He CKa3BiBaeTC5i Ha xapaKrepe hx pacnpocTpaHemiH. norjiomeHne npHBo^HT 



16 



TOJibKo k noHBjieHHio GecKOHenHo Majioii mhhmoh ^o6&bkh k coGctbchhoh nacTOTe bojihbi, 
hto o6ecneHHBaeT ee 3aTyxaHHe nepe3 ^ocTaTOHHO Gojibhioh npoMexcyTOK BpeMeHH. 

J\jik pacHera H3JiyHeHHH ^BHJKynxerocH 3apH,n;a b nepHo^THHecKoii CTpyKType HajiHHHe 
norjiomeHHH HMeeT npHHirHnnajiBHoe SHaiemie: 6e3 ero yneTa cpopMyjiBi (3.1) h (3.2) 
hbjihiotch Heonpe^ejieHHbiMH. 3Ta HeonpeflejieHHocTB oGycnoBjieHa T6M, hto Ha Tex na- 
CTOTax, r,ne onpe^ejiHTejib MaTpHHBi M b ypaBHeHHH (1.18) o6painaeTCH b Hyjib, perne- 
Hne fljia BeKTopa X , h, cjie^oBaTejibHo, fljia Bcex KoscpcpHirneHTOB D n , E n , F n , G n 
o6pam;aeTCH b 6ecKOHeHHocTB. HHTerpajiBi b (3.1), (3.2) cTaHOBsrcsi Heco6cTBeHHBiMH h 

Heo6xO^HMO yCTaHOBHTB HX CXO^HMOCTB. OtMCTHM, HTO H3 CTpyKTypBI 3JieMeHTOB MaT- 
pHHBi M (1.19) cjie^yeT, hto nacroTBi, Ha KOTopbix o6pam;aioTC5i b HyjiB cpyHKHHH 
cos h b n d, smh b n d, cos h°l, sin h^l , He hbjihiotch ocoGchhocthmh no^biHTerpajibHBix BBipa- 

JKeHHH. 

nojioaceHHe Hyjieii onpe^ejiHTejin MaTpHHBi M Ha njiocKocTH nepeMeHHBix (ip , u) 
onpe^ejiaeTca nepecenemieM ^ncnep chohhbix kphbbix coGctbchhbix bojih K^B c npHMoii 
«jiHHHen 3apfl,fl;a», onHCBiBaeMoft cpopMyjioft (1.14). PaccMOTpHM noBe^eHne KoacpcpHHH- 
eHTOB D n , E n , F n , G n b 6jiH>KaHHieH oKpecTHocTH 3thx nacTOT u s . PenieHHe (1.23) 
MaTpHHHoro ypaBHeHHH (1.18) mojkho 3anncaTb b BH^e 

X(w) = M(u s ) F(u s ) . 

U — U s 

B COOTBeTCTBHH C npHHHTBIMH B pa3^ejie 2 0603HaHeHHHMH SJieMeHTBI MaTpHHBi M(w s ) 

MoryT 6bitb npe^cTaBjieHBi b BH,n;e 

D%n b i n= 1,2,..., TV, 



m r . 



E s , n -N 

D 



n = N + l,N + 2,...,2N, 



s,l 



r,ne fej = rhu - sjieMeHTBi 1-fi ctpokh MaTpHHBi M . 

B pe3yjiBTaTe Bee KoscpcpHnneHTBi b6jih3h Tonex u = u s Be^yT ce6n k&k 

Qa u D N 

D n (u) = — -J^ y^ibiUi + b N+i Vi) , n = 1,2, . . . , N, (3.3) 

tic u - u s D aA 

rjxe Ui h Vi onpe^ejieHBi b (1.21); nosTOMy HecoGcTBeHHBie HHTerpajibi (3.1) h (3.2) b^ojib 

^efiCTBHTejIbHOH OCH u paCXO^HTCH. 

YhSt 6ecKOHeHHo Majioii oTpnijaTejiBHOH mhhmoh ,no6aBKH k u s , o6ecneHHBaioin;eH 
3aTyxaHHe BOJiHbi npn t — > oo , npHBo^HT k cMeuxeHHio ocoGemiocTeH KoscpcpHnneHTOB 
D n , E n , F n , G n b hhjkhioio nojiynjiocKocTb KOMnjieKCHoii nepeMeHHoii u . 3to ^ejiaeT 
3HaneHHH HHTerpajioB Bflojib fleiicTBHTejiBHOH och u onpe^ejieHHBiMH h no3BOJiHeT cpaB- 
HHTejiBHO npocTO bbihhcjihtb hx b ^Byx npe^ejibHbix cjiynanx: t — > oo h t — > — oo . ,Hji2 
3Toro Hejiecoo6pa3Ho nepeiiTH k HHTerpHpoBaHHio b KOMnjieKCHoii njiocKocTH nepeMeHHoii 

U H HCnOJIB30BaTB TeOpHK) BblHeTOB. 

Bo3mo>khoctb BBiHHCJieHHH HHTerpajia b 3THX ^Byx npe^ejiBHBix cjiynanx oGycjioBjie- 

Ha TeM, HTO MHOJKHTejIB e~ tuJt B nO^BIHTerpajIBHBIX BBipaJKeHHHX (3.1) H (3.2) HBJIHeTCH 
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npeo6jia,n;aioii];HM no cpaBHeHHio c ,/xpyrHMH 3aBHC5imHMH ot uj siccnoHeHTaMH, nepe3 ko- 
Topt.ie Bt.ipa>KaioTCJi (pyHKirnn Tnna cos h b n d , sin h b n d . 3to no3BOJiHeT npoBecTH HHTerpn- 
poBamie no u nyreM 3aMBiKaHHH KOHTypa HHTerpnpoBaHHH b KOMnjieKCHoft njiocKOCTH 
/jyroft Gojibnioro pa^nyca. J\jik bo3mo>khocth npeHeGpenB BKjia^oM HHTerpajia b^ojib 
stoK flyrn Heo6xo^HMo 3aMBiKaTB KOHTyp npn oTpnn;aTejiBHBix 3HaneHHHx t b BepxHeii 
nojiynjiocKOCTH, a npn nojio>KHTejiBHBix — b mtaoieft. 

BBiHBjieHHBie cpopMyjioft (3.3) oco6eHHocTH Koacpcpni^neHTOB D n (u) Ha ^encTBHTejiB- 
Hoft ocn u cBH^eTejiBCTByioT o tom, hto Bee oco6eHHocTH sbjihiotch nojnocaMH nepBoro 
nopa^Ka. YnnTBiBaji noBe^eHne ajieMeHTOB MaTpnnBi M n KOMnoHeHT BeKTopa-cToji6n;a 
F npn oTpnn;aTejibHbix 3HaneHH5ix u , HeTpyzrHo yGe^HTBCH, hto nojnocaMH hbjihiotch h 
3HaneHHH u> = —u s . 

CyMMa BBineTOB no^BiHTerpajiBHoro BBipaJKeHHH f(oo) b (3.1) b nojnocax u = u s n 
oo = —uo s jierxo BbinncjiJieTCH npn no^cTaHOBKe (3.3) n aHajiornnHoro BBipa>KeHH}i ,iijih 
E n (u) b (3.1): 



Res[f(u); u s ] + Res[f(u); -u s ] = --— A s x 

Ztti 



~ cosh„z , ~ sinh'lz . 

TjTj COSU} st + E s>n , smu s t 

cos h° n d sin n° n d 



(3.4) 



r^e 

AQk a N 

A s = ~ s ^(hui + b N+i Vi) ; (3.5) 

D s,l i= i 

HH>Ke 6yn;eT noxasaHo, hto npn Gojibninx t napaMeTp A s cooTBeTCTByeT aMnjinTynaM 
CoGcTBeHHBIX bojih b (2.5), (2.7). 

Ha KOMnjieKCHoii njiocKOCTH u , kbk b BepxHeii, Tax b HHJKHen nojiynjiocKOCTH, iiiie- 
eTcsi eme GecKOHenHoe mhojkcctbo nojnocoB, pacnojio>KeHHBix Ha mhhmoh och, h o6ycjioB- 
jieHHBix, b nacTHocTH, KOMnoHeHTaMH BeKTopa-cTOJi6n;a F . Ho bbihctbi b sthx nojnocax 
b o6ohx npe^ejiax t — > oo n t — > — oo CTpeMHTCH k Hyjno. B pe3yjiBTaTe npn Gojibhihx 
oTpHnaTejiBHBix 3HaneHHHx t (sapnjj; em;e ^ajiexo ot paccMaTpHBaeMoii hhchkh) nojie 
oneHB Majio h He HMeeT bojihoboto xapaicrepa. no CBoeft CTpyKType oho Majio OTjinna- 
eTCH ot nojia 3apH^a b peryjurpHOM KpyrjioM BOJiHOBOfle (1.2), to ecTB SKcnoHeHHiiajibHO 
cna^aeT c paccTonmieM ot tohkh Haxo>K^;eHHH 3apn^;a b ,naHHBift momcht BpeMeHH. 

npn Gojibhihx nojio>KHTejiBHBix 3HaneHHHX t (sapsfl /xaBHO npojieTeji HHefticy) 3a- 
MeTHBiii BKjia,n b HHTerpaji ^aiOT BBiHHCJieHHBie BBinie bbihctbi (3.4) b nojnocax, pac- 
nojio>KeHHBix b Henocpejj;cTBeHHOH 6jih3octh ot ,neftcTBHTejiBHoft ocn. nojj;cTaBHB 3Hane- 
Hne HHTerpajia, paBHoe 2iri x Yl^Li ^ es [f( UJ )i u s] + Res[f(u); — u> s ], b (3.1) h conocTa- 
bhb nojiyneHHoe BBip axceHHe c cocTaBjiHiomeii E z nojin coGctbchhoh bojihbi K^B (2.5), 
y6e>Kjj;aeMCH, hto npn Gojibuihx t nojie b nnenKe acnMnTOTHnecKH CTpeMHTCH k cyMMe 
coGcTBeHHBix bojih KJ^B c aMnjiHTynaMH A s , onpe^ejiaeMBiMH cpopMyjioii (3.5), h ojj;h- 
HaKOBBiMH cpa3aMH 9 S = 7r/2 . B o6jiacTH A HneiiKH Bee cocTaBjunomne B036yjK^eHHBix 
bojih onpejj;eji5noTCH cpopMyjiaMH (2.6) h (2.7) c HaSeroM cpa3Bi Ha nepHCfle ip = 2Du s /v . 

Cpe/XHHH no BpeMeHH noTOK BeKTopa nofiHTHHra nepe3 nonepenHoe ceneHHe K/IB 
onpe^ejiHeTCH cpopMyjioii (2.9) c Haii^eHHBiM BBinie 3HaneHneM aMnjiHTynBi (3.5), a cpe/o;- 
Hee 3HaneHne SHeprnn sjieKTpoMamHTHoro nojia s -ft bojihbi b nneftKe W s = 2W S , r^e 
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W s onpe^ejieHo b (2.10). 

Otmcthm, hto nojie b nnenKe imeeT TpaHCJismnoHHBin xapaKrep, ho He HBjiaeTCH 
nepno^HHecKHM. Cpe^H B036y>K^;eHHBix co6cTBeHHBix bojih hmciotch bojihbi KaK c nojio- 
jKHTejiBHoii, Tax h OTpnn,aTejiBHon rpynnoBoil ckopoctbio, npnneM b cneKTpe nacTOT sth 
BOJiHbi b 3aBHCHMocTH ot cKopocTH 3apH,na pacnojiaraioTCJi b pa3Hoft nocjie,ri;oBaTejibHo- 

CTH. 

AHajiH3 3aBHCHMocTH BeKTopa F ot ckopocth 3apn,na v no3BOJiHeT c,n;ejiaTb BnojiHe 
onpe^ejieHHbie 3 aKjuo hchhh 06 aMnjinTynax B036y>K^i;aeMbix b HneiiKe co6cTBeHHbix bojih 
b ppyx npe^ejiBHbix cjiynaax: v — > h v — > c . IIpH MajiBix cxopocTJix v napaMeTp T = 
ou/wy — > 00 . B 3tom npeppjie acnMnTOTnnecKoe noBe^eHne (pyHKirnii I Q , K npHBo/THT k 
SKcnoHeHunajiBHO MajiOMy 3HaneHHio aMnjiHTyn, Bcex B036y:>K,naeMBix coGcTBeHHBix bojih, 
Tax KaK b (1.21) 



a hhjkhhh nacTOTa cneKTpa co6cTBeHHbix bojih K,ZIB oTjiHHHa ot Hyjiji, h fljis Hee napa- 
MeTp ka 6jih3ok k 0,8. 

B ^pyroM npe;i;ejibHOM cjiynae yjiBTpapejiHTHBHCTCKnx cKopocTeft (3 — > 1 napaMeTp 
r — > , TaK KaK 7 — > 00 n, cjie^oBaTejibHo, 



to ecTb BeKTop-CTOJi6en; F nepecTaeT 3aBHceTb ot SHeprnn 3apH^a. LIocKOJibKy npn stom 
nacTOTbi B036y>K^i;aeMbix co6cTBeHHbix bojih cTpeMHTCH k cBoeMy npe^ejibHOMy 3Hane- 
hhk), cooTBeTCTByion^eMy Ha6ery cpa3Bi Ha nepno^e ip = 2Dk s , to mojkho roBopnTB o 
npe^ejibHOM cneKTpe H3JiyneHHH. AMnjinTyn;a Kaacj^on B036yjK^eHHOH coGctbchhoh boji- 
hbi mohotohho cTpeMHTCH k CBoeMy npe,nejiBHOMy 3HaneHHio c poctom sHeprnn 3apHji;a, 
ho 3to npe^ejiBHoe 3HaneHne yGbreaeT c HOMepoM co6cTBeHHoii bojihbi. 

H3 npnBe^eHHBix BBinie cooTHonieHnii TaKace oneBH^THO, hto npn 3a,naHHOH ckopocth 
3apH^;a aMnjiHTy/TBi B036yjK^aeMBix co6cTBeHHBix bojih HannHaiOT SKcnoHeHirnajiBHO cna- 
jrarB, HanHHan c HeKOToporo HOMepa bojihbi, TeM GojiBniero, neM BBinie sHeprnn 3apn^;a. 

Cjie^yeT, o^HaKo, oroBopnTBCH, hto Bee paccyac^eHnH o npe^ejibHOM cneKTpe npe/i,- 
CTaBjnnoT CKopee MaTeMaTnnecKnn, a He (pH3HnecKHH HHTepec, nocKOJibKy npn yjiBTpape- 
jihthbhctckhx cKopocTHx 3apH,na B03pacTaeT pojiB BbicoKonacTOTHoii oGjiacTH cneKTpa, 
b KOTopott cji;ejiaHHoe b HacTOHinen paGoTe npe^nojioaceHne 06 nji;eajibHOH npoBo^HMocTn 
CTeHOK BOjmoBo/xa cTaHOBHTcs HeoGocHOBaHHBiM (cm., HanpnMep , [11]). 



Bo36y>K^;eHHe nojin b K/IB npoHcxoJXHT 3a cneT noTepn 3apH,noM SHeprnn. BBH^y 6ec- 
KOHeHHoii npoTHJKeHHOCTH CTpyKTypbi n npe^nojioJKeHHH o nocTOHHCTBe ckopocth 3apH^a 
cjie^yeT cnnTaTB ero Maccy h sHeprnio 6ecKOHenHon. B paccMaTpnBaeMoii 3a^ane HMeeT 





4. IToTepn SHeprnn sapa^a Ha BosGyxc^eHHe nojia 
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cmmcji roBopiiTt> o noTepe SHeprnn npii npojieTe 3apH,noM o^Horo nepno^a K/IB. 3Ty 
noTepio mojkho HaflTH ^ByMH cnoco6aMH: jih6o bbihhcjihtb H3MeHeHHe 3HepriiH sjieKTpo- 
MarHHTHoro nojia bo Bcefi CTpyKType 3a BpeMH npojieTa 3apH^;oM o^Horo nepno^a K/IB, 
jih6o Haft™ paGoTy B036yac,n;aeMoro nojin Hafl 3apH,noM b/j;ojib ero TpaeKTopnn 3apafla b 
paccMaTpHBaeMoii nnefiKe. HanHeM c nepBoro cnoco6a. 

PaccMOTpHM H3MeHeHiie sHeprnn B036yac,a;eHHoro b K,U,B nojra, HanHHasi c MOMeHTa 



3a HHTepBaji BpeMenti At = 2D jv , to ecTB 3a BpeMH npojieTa 3apH^;oM o/XHoro nepno^a 
CTpyKTypBi. ByneM cnnraTB, hto N 1 , h, cjie^oBaTejiBHo, nojie b paccMaTpHBaeMoii 
nnefiKe h Bcex nnefiKax, pacnojioHceHHBix jieBee Hee, npe^cTaBjuieT co6ofi cynepnosnnnio 
coGcTBeHHBix bojih K,U,B ^HCKpeTHoro cneKTpa, onncBmaeMBix cpopMyjiaMn (2.5) h (2.7), b 
kotopbix aMnjiHTy^a A s onpe^ejieHa cpopMyjroft (3.5), ip = 2Du s /v , a 9 S = tt/2 . Pa3/i;e- 
jihm ycjioBHo CTpyKTypy Ha /XBe nacTn: cnpaBa h cjieBa ot hjiockocth z = —d . H3MeHeHiie 
sHeprHH nojia cjieBa ot stoh njiocKocTH paBHo noTOKy nepe3 Hee BeKTopa ITonHTHHra AP 
3a HHTepBaji At . ITpn AP < 3Ty sHeprnio cjie/xyeT cnnTaTB «yTeKaiorn;eH» Ha 6ec- 
KOHeHHocTB, npH AP > - - «npHTeKaioiu;eH» H3 GecKOHenHocTH, nocKOJiBKy sHeprnn 
nojiH b jiioGoh HneiiKe stoh o6jiacTH BBH^y nocTOHHCTBa aMnjiHTyn B036y5K,n,eHHbix co6- 
CTBeHHBix bojih b cpe^HeM no BpeMeHH He H3MeH5ieTCfl. H3MeHeHHe sHeprHH nojia cnpaBa 
ot njiocKocTH z — — d Haxo^HTca cjiepymm^iM o6pa30M. ITocKojiBKy nojie, KOTopoe b 
MOMeHT t — to cymecTBOBajio npaBee stoh njiocKocTH nepeHocHTCH Ha o^hh nepHOfl 
K/IB h cTaHOBHTca pacnojionceHHBiM npaBee njiocKocTH z = 2D — d , to Bee H3MeHe- 
Hne SHeprnn nojin stoh nacTH CTpyKTypBi oGycjiOBjieHO noHBjieHneM hoboh nopinin nojiH, 
3anojiHHBniero 3a HHTepBaji BpeMeHH At paccMaTpHBaeiviyio nneiiKy. TaKHM o6pa30M, 
nojiHoe H3MeHeHHe SHeprnn nojin bo Bcefi CTpyKType AW mohcct 6bitb 3anncaHO b BH^e 



r,ne W - cpeflHHH no BpeMeHH 3Heprnn nojin b paccMaTpHBaeMoii nneiiKe , a 3anncB b 
BHfle cyMMBi no cnercrpy B036yjK^eHHBix co6cTBeHHBix bojih oGycjioBjieHa TeM, hto H3- 
3a opToroHajiBHocTH hx nojieii h nojiHBifi noTOK BeKTopa nofiHTHHra AP 3a BpeMH At 
nepe3 njiocKOCTB z — — d , h SHeprnn nojin b nnefiKe W MoryT 6bitb npe^cTaBjieHBi b 
BH^e cyMMBi napn;HajiBHBix BKjia^oB. 

Llepefi^eM TenepB k BBinncjieHHio pa6oTBi TopM03Hm;efi 3apafl chjibi, oGycjioBjieHHofi 
Henocpe^CTBeHHBiM ^eficTBHeM B036y>K^;eHHoro nojin Ha 3apafl no Mepe ero ^BHJKeHHH 

BflOJIB K^B. ^JIH STOrO Heo6xO^HMO 3HaTB COCTaBJIHK)in;yK) nOJIH E z B TOHKe Z B MO- 
MeHT BpeMeHH t = z/v . Pa6oTa chjibi peaKi^nn H3JiyneHHH T npn npojieTe 3apn^;oM 
paccMaTpHBaeMoii nnefiKH BBipaxcaeTCH HHTerpajioM 



-d 

OcHOBHan TpyjxriocTB BBiHHCJieHHH 3Toro HHTerpajia b tom, hto caMa cocTaBjiHiorrtaH E z 
npe^cTaBjineTCH b BHfle HHTerpajiOB OypBe (3.1), (3.2), npnneM b ^aHHOM cjiynae HHTepec 




v v 




(4.1) 



2D-d 




(4.2) 
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npe^cTaBjiHioT Te momchtbi BpeMemi, ,zijih kotopbix BbiHHCJieHHe HHTerpajia nyTeM nepe- 
xo,n,a b KOMnjieKCHyio njiocKocTB u h iicnojiB30BaHHe Teopiiii BBineTOB Hen;ejiecoo6pa3Hbi, 
nocKOJiBKy HHTerpaji no pyre GojiBinoro pa^nyca He paBeH Hyjno h, KpoMe Toro, Hejib32 
npeHe6peHB BBineTaMH b nojiiocax Ha mhhmoh och. IIosTOMy npHxo^HTCH npoBO/XHTb hh- 
TerpnpoBaHHe no ^eficTBHTejiBHon och u . H3MeHHB nopn^oK HHTerpnpoBaHHH no uo h 
z , nojiynaeM b pe3yjibTaTe HHTerpnpoBaHHH no z : 



T 



x 



x 



+ 



/oo 

— oo 

\F n sin n - h% tg h a l cos ^l) - G n cos - K ctg h a J sin 

,L \v v n ° n vl " \ v v n o n v 



+ 



I (Fay + vl 

[D n sin *d - h b n tg h b n d cos - E n cos %d - h b n ctg h b n d sin 



> ( 4 -3) 



(r&)=> + ^ 



} 



HHTerpaji no u HBjiaeTCH HecoGcTBeHHBiM He tojibko H3-3a npe^ejioB HHTerpnpoBa- 

HHH, HO TaKJKe H3-3a HajIHHHH nOJHOCOB y KOSCpCpHHIieHTOB D n , E n , F n , G n , COOTBeTCTBy- 

ioihhx HyjiHM ^eTepMHHaHTa MaTpnubi M , onpe^rejineMOH cpopMyjioft (1.19). Ilpn oTcyr- 
ctbhh 3thx nojuocoB HHTerpaji (4.3) 6biji 6bi paBeH Hyjno, Tax xax D n h F n HeneTHbie, 
a E n h G n neTHbie cpyHKHiiH u . Ecjih 6bi nojnocbi KoacpcpHirneHTOB jieacajin tohho 
Ha ^eiicTBHTejibHOH och, to HHTerpaji (4.3) Gmji 6bi pacxo^HirniMCH. IlocKOJibKy H3-3a 
cpH3HHecKH HeH36e>KHoro norjiomeHHH b cTeHKax cTpyKTypbi nojnocbi Ha KOMnjieKCHoft 

njIOCKOCTH U JieJKaT HyTb HHJKe ,HeHCTBHTejIbHOH OCH, TO MO>KHO BOCnOJIb30BaTbCH H3- 

BecTHoii (popMyjioii 

oo oo 

/p oo 
f(u)du = V.p. / f(uj)doj-i7i^2Res[f(u);u s )] , 
J s=l 

— oo — oo 

Tflfi V.p. - HHTerpaji b CMbicjie rjiaBHoro 3HaneHH5i, Res[f(u);u s )] - BbineT (pyHKiniH 
f(u ) b nojnoce u s , jiejKameM wxe j^elicTBHTejibHOH och h GecKOHenHo 6jih3ko k Heii. 
06ocHOBaHHe npHMeHHMOCTH 3toh (popMyjibi npn BbiHHCJieHHH aHajiorHHHbix HHTerp ajiOB , 
BCTpenaiomnxcH b TeopHH H3JiyneHHH BaBHjioBa-HepeHKOBa, HMeeTCH b [10]. 

HHTerpaji b CMbicjie rjiaBHoro 3HaneHHH paBeH Hyjno, nocKOJibKy no^biHTerpajibHoe 
BbipaaceHHe HeneTHan (pyHKinui u . IloBe^eHHe KoscpcpHinreHTOB, Hanpniviep, D n , E n b6jih- 
3H nojuocoB, onncbiBaeMoe (popMyjioii (3.3), no3BOJiHeT npe^CTaBHTb hx b BH,n;e 



D n {u) 



-As D s n 
4:ir(u — u s ) 



, E n (u) 



A E 

4:7l(u — U s ) 



(4.4) 



B pe3yjibTaTe BbinHcjieHHH BbineTOB pa6oTy chjibi peaKii^HH H3JiyneHHH mojkho 3aiincaTb 

B BH^e 



s=l 
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r/j;e KajK^bili HjieH cyMMbi T s o6ycjioBjieH BbineTaMH b ,zrByx nojiiocax oo = ±oo s h paBeH 



T s -A S Q / 



oo 



n=l 



X 



x 



[F s ,n{^ sin f l ~ h n tg h a J cos fl) -Gsnft cos ^l-h« ctg h«l sin ^)] 

(r» 2 + „2 

[g fl n(gjn fd-h b n tgh b n d cos grf) -E^cos ^d-h b n ctgh b n d sin ^)] -| 
Ha ocHOBaHHH 3aKOHa coxpaHeHHH SHeprnn ^ojijkho BbinojiHHTbcs: paBeHCTBO 



> (4-5) 



-T s = W s 



(4.6) 



rjj;e At = 2D jv ; ero HeBbinojmeHHe cBH^eTejibCTBOBajio 6bi 06 oinnGxe jih6o b aHajiiiTii- 
necKOM peineHHH, jih6o b KOMnbioTepHOH nporpaMMe bmhhc JieHHft . 

BojibiHoft HHTepec npe^cTaBjiaeT BbiHHCJieHHe cyMMbi noTOKOB BeKTopa IIoHHTHHra 
B036yjK^eHHbix co6cTBeHHbix bojih nepe3 njiocKOCTb z = — d . H3 H3Jio)KeHHbix Bbiine 
coo6pa:aceHHH cjie/xyeT, hto 3Ta cyMMa He flojiaora 6biTb nojiojKHTejibHOH. B nporaBHOM 
cjiynae nojiyHHjiocb 6bi, hto H3 o6jiacTH OTpHH,aTejibHbix 3HaneHHH z , KOTopyro 3apa,n, 
^aBHO npojieTeji h r/j;e HeT jjpyrnx hctohhhkob nojiH, b CTopoHy 3apjma cymecTByeT 
nocTOHHHbifl noTOK SHeprHH, a SHepriiH nojiH b stoh o6jiacTH He H3MeHHeTCH. IIosTOMy b 
3toh o6jiacTH K,HB ,a;oji>KeH jih6o npeo6jia,naTb BKjia/j; bojih c oTpHHaTejiBHoii rpynnoBoii 
CKopocTbio, jih6o cyMMapHbiii noTOK BeKTopa noiiHTHHra flojDKeH o6paTHTbcn b Hyjib. 
nocjieflHHH B03M0>KH0CTb npeflCTaBjiHeTCH HaM HanGojiee ecTecTBeHHoft, xots yGe/XHTbcs 
b tom, hto HMeHHo OHa HMeeT MecTo npn jj^BHJKeHHH 3apH/j,a b K,HB, mojkho TOJibKO nyTeM 
HHCJieHHbix pacneTOB rjik ninpoKoro Ha6opa reoMeTpnnecKHx napaivieTpoB cTpyKTypbi h 
SHeprHH 3apHja;a. 



5. AjiropHTM HHCJieHHbix pacneTOB 

npHBejj;eHHbie b npe/xbiixyirrHX pa3Jj;ejiax cpopMyjibi jijts onncaHHH sjieKTpoMarHHTHoro 
nojia, B036y>Kjj;aeMoro 3apnjj;oM b K,ZIB, HcnepnbiBaioT aHajiHTHnecKyio nacTb perneHHH 
3ajj;aHH. IIojiyHeHHe KOJiHnecTBeHHbix pe3yjibTaTOB, a Taioice BbiHBjieHHe o6cy5K,n,aBiHHxcH 
Bbime 3aKOHOMepHocTeH bo3mo>kho jiHHib nyTeM HHCJieHHbix pacneTOB, KOTOpbie BBHJj;y 
hx Hpe3BbinaHHOH rpoM03/XKocTH npHHu^HnnajibHo TpeGyioT Hcnojib30BaHHH KOMnbioTepa. 
LIporpaMMa BbiHHCJieHHft, pe3yjibTaTbi KOTopbix npnBejj;eHbi b cjie/xyroineM pa3Jj;ejie 6, 
HanncaHa Ha H3biKe OOPTPAH Power Station rjik IBM PC. 

AjiropHTM HHCJieHHoro pacneTa aHepreTHHecKHx xapaKTepncTHK H3JiyHeHHH BKjnona- 
eT b ce6n cjie/xyrorrryio nocjie^oBaTejibHocTb onepairHft: 1) noncK nocjiejj;oBaTejibHbix Hyjieft 
oo s onpejj;ejiHTejiH MaTpnn;bi M (1.19) npn Ha6ere cpa3bi if) (1.14); 2) BbinncjieHHe jj;jih 
Hafija;eHHbix Hyjiefl u s sjieMeHTOB MaTpnn;bi M(w s ) (2.4), 1-ft cToji6eu, KOTopofl npejj;- 
CTaBjisieT coGoii K03(pcpHii;HeHTbi D s n h E s ^ n , a 1-h CTpoxa - BeKTop b ; 3) BbinncjieHHe 
aMnjiHTyn, A s corjiacHo cpopMyjie (3.5); 4) pacneT paGoTbi nojiH H3JiyHeHHH T s (4.5) npn 
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npojieTe 3apa,n;oM o/xhoh nnenKH K,H,B, noTOKa moiuhocth P s (2.9) 3a BpeMH At = 2D jv , 
SHepriiH nojiH W s b paccMaTpHBaeMoft HneftKe K,ZIB npn t — > oo n rpynnoBoii ckopocth 
v gr co6cTBeHHoii bojihbi, onpeflejiaeMoii corjiacHo cooTHoineHHio (2.13). 

OcHOBHaH nejib HacTOHineii pa6oTBi coctoht b pacneTe noTepB 3apa,n;a Ha H3JiyneHHe 
npn npojieTe hm o/xhoto nepnoixa K/IB b 3aBHCHMOCTH ot ero pejiHTHBHCTCKoro cpaicropa 
7 , KOTopBiii onpe^ejiaeT BepxHioio rpaminy nacTOT B036yjK^aeMbix coGctbghhbix bojih. 
Hhjkhhh rpaHnua nacTOT ot 7 He 3aBHCHT h coBna^aeT c HH3inen KpnTHnecKon nacTOToft 
peryjispHoro Kpyrjioro BOJiHOBO^a c pa/xiiycoM b , to ecTB k m i n b ^ v\ ~ 2, 405 . BepxHHH 
rp annua nacTOT tu max , Bbinie KOTopoii aMnjiHTynBi B036yacflaeMbix bojih y6BiBaiOT no 
SKcnoHeHHHajiBHOMy 3aKOHy, npHMepHO onpeflejiaeTca ycjiOBHeM k max a ~ 37. PacneT 
noTepB Ha H3JiyneHne cjie/xyeT HannHaTb c HaxojK^eHHH nncjia coGctbchhbix bojih N s 
paccMaTpHBaeMoro K/IB, HMeiomnx MecTO b stoh nojioce nacTOT, nocKOJibKy Bee sth 
bojihbi B036y>K^i;aioTCH h ^aioT BKjiafl b noTepn. 

lipoma Bcero sto hhcjio ycTaHOBHTB npn cpHKcnpoBaHHbrx 3HaneHHHX Ha6era (pa3Bi 
■0 = h ijj — 7r , bbihhcjihb hhcjio Hyjieii onpe,n,ejiHTejieH MaTpun; P, Q, R, S , BBe^eHHBix 
cpopMyjioft (1.20). CyMMapHoe hhcjio Hyjieii ,h,jih MaTpuu, Q h R , cooTBeTCTByiomnx na- 
CTOTaM coGcTBeHHBix bojih npn ifj = , aojdkho coBna^aTB c cy MM apHBIM hhcjiom Hyjiett 
,n;jifl MaTpuu, P h S , cooTBeTCTByiornnx nacTOTaM coGctbchhbix bojih npn ip — n . Ylo- 
hck Hyjieii ocymecTBjisieTcsi nocjie^oBaTejiBHBiM BbinncjieHHeM onpe^ejiHTejia MaTpuubi, 
HaiHHaH c bJmin , c HexoTopbiM HiaroM Au . Ecjih npn yBejiHHeHHH nacTOTbi Ha o/xhh niar 
H3MeHHeTCH 3HaK onpe,n,ejiHTejiH cooTBeTCTByEomeii MaTpuubi, to b 3tom HHTepBajie Haxo- 
jxhtch HeneTHoe hhcjio coGcTBeHHbix bojih K,H,B. Ilocjie 3Toro cjie/xyeT yMeHbniHTb niar h 
y6e^HTbCH, hto b yMeHbnieHHOM HHTepBajie nacroT Haxo/xiiTCH tojibko ojxhh Hyjib onpe,ne- 
jiHTejiH. ,H,ajibHeHHiee yTOHHeHHe nojioaceHHH Hyjin npoH3BOJXHTCH no HHTepnojiHiuioHHon 
cpopMyjie. Ecjih nepBOHanajibHbin niar Acu BbiGpaH cjihuikom GojibinnM, to Mexcfly /XByMH 
nocjieflOBaTejibHbiMH nacTOTaMn mohcct onasaTbcs jjBa hjih Gojibniee neTHoe hhcjio Hy- 
jieft, h Bee ohh 6yzryT nponymeHbi, nocKOJibKy onpenejinTejib He cMeHHT 3HaK. Cjihhikom 
MajieHbKoe 3HaneHHe rnara HeonpaB^aHHo yBejiHHHBaeT BpeMH cneTa. J\jik KajK^oro koh- 
KpeTHoro K/IB cymecTByeT cboh onTHMajibHbiii niar. Hto6m He nponycTHTb neTHoe hhcjio 
coGcTBeHHbix bojih, n;ejiecoo6pa3Ho npoBecTH BbinncjieHHe nncjia cMeHbi 3HaKOB onpe^e- 

JIHTejIH C yMeHBHieHHblM B HeCKOJIbKO pa3 HiarOM. H TOJIbKO yGe^HBHIHCb, HTO HHCJIO 3THX 

CMeH He H3MeHH jiocb , yTOHHHTb nojio>KeHHe Hyjieii. 

Cjie^yioH^HM STanoM BbiHHCJieHHfi fljiH Ka>Kji;oro hoboto BapnaHTa K/JB HBjineTCH no- 
CTpoeHHe ^HcnepcHOHHbix kphbhx coGcTBeHHbix bojih b ^Hana30He Ha6era cpa3bi ip ot 
/j;o 7t. IIpH 3tom Heo6xo^HMo y6e^HTbCH, hto ^HcnepcHOHHbie KpHBbie He nepeceKa- 
iotch, h KajK^an KpHBan, HcxoflHin;aH H3 tohkh u s Ha och ij) — , nona^aeT b Tonxy 
u s Ha jihhhh ip = 7i c TeM »ce nocjieflOBaTejibHbiM HOMepoM s . ^Jifl Bcex 3HaneHHH 

1p, ^JIH KOTOpblX CTpOHTCH ^HCnepCHOHHaH KpHBaH, HeoSxOflHMO IipOBepHTb BbinOJIHeHHe 

paBeHCTB P s = P s h W s = W s , a Tanxce coBnafleHHe 3HaHeHHii rpynnoBoii ckopocth 
v gr , BbiHHCJieHHbix b cooTBeTCTBHH c cpopMyjiaMH (2.1) h (2.13). KpoMe toto, HeoGxo^HMo 

yGe^HTBCH, HTO BbinOJIHHeTCH HepaBeHCTBO Vgr < c . 

,U,JIH BBIHHCJieHHH SHepreTHHeCKHX XapaKTepHCTHK Co6cTBeHHBIX BOJIH K,U,B, TaKHX 

Kan P s , W s , Heo6xo^HMo HaflTH sjieMeHTbi MaTpnnbi M, onpe^ejieHHofl cpopMyjiofl 
(2.4). ^Jifl 3Toro c noMom;bio cTaH^apTHoli npon;eji;ypbi o6pam;eHHH MaTpHn;bi BbiHHCJineM 
MaTpHH,y M7 1 Ha nacTOTe to = tu s (l + e) , Ha KOTopoii MaTpnn;a M yace HeBbipoacfleH- 
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Han. BbiHHCjieHHJi noKa3BiBaioT, hto npn H3MeHeHHH napaMeTpa e b npe^ejiax ot 10~ 6 
flp 10 -12 y Bcex 3jieM6HTOB MaTpnnBi M nepBBie neTBipe uncppBi ocTaioTCH Hen3MeH- 
hbimh. OriTHMajiBHBiM 3HaneHHeM 3Toro napaMeTpa cjie^yeT cnnTaTB 10 -9 ; oho onpe- 
,ri;ejiHeTC5i TeM, hto b nporpaMMe BBinncjieHnn HcnojiB3yeTcsi Tun nepeMeHHBix DOUBLE 
PRECISION. 

LTocjie Toro, KaK ^jia /xaHHoro K^B paccnHTaHa erpyKTypa ,/xHcnepcHOHHBrx kphbbix 
coGcTBeHHBix bojih b TpeGyeMOM ^nana30He nacTOT, mojkho nepexo^HTB k pacneTy noTepB 
Ha H3jiyneHHe ,h;jih 3a,naHHoro 3HaneHHH sHeprnn 3apfl,n;a. npoH,e,nypa BBinncjieHnsi nacTOT 
ou s h MaTpHn; M(w s ) Taxan ace, k&k onncaHo BBinie, 3a HCKjnoneHHeM Toro, hto b stom 
cjiynae nepeMeHHBie ip h u CBH3aHBi cooTHonieHHeM (1-14). AMnjiHTyzrti A s h noTepn 
Ha H3JiyneHHe bbihhcjihiotcji no npnBe^eHHBiM BBinie aHajiHTnnecKHM cpopMyjiaM. 

Bee HHCJieHHbie pacnerbi npoH3Bo^5iTCH ^jih 6e3pa3MepHBix nepeMeHHBix. Bmccto na- 
ctotbi u ncnojiB3yeTCH nepeMeHHasi kb , BejinnnHBi T s , W s n P s At HopMnpyioTCH Ha 
MHOJKHTejiB Q 2 /b . Bcex HHCjieHHBix pe3yjiBTaTOB cjieflyiomero pa3,n;ejia no,npa3yMe- 
BaeTCH Hajinnne 3Toro HopMnpyiomero mhojkhtc jih . 



6. OcHOBHbie pe3yjn>TaTt>i Bt>iHHCJieHHi4 

Bee npHBo^HMBie Hnace pe3yjiBTaTbi pacneTOB jxHcnepcnoHHBix kphbbix co6cTBeHHBix 
bojih h noTepb SHeprnn TonenHoro 3apnjj;a Ha nsjiyneHne othochtch k K,HB, reoMeTpn- 
necKne pa3MepBi KOToporo coBna^aioT c pa3MepaMH nepno^a CTpyKTypBi ycKopnioinnx 
ceKHHH CTaHcpop^cKoro jiHHeiiHoro ycKopnTejin SLAC [10]: 

6 = 4, 173 cm, a = 1,321 cm, D = 1,750 cm, d= 1,458 cm. 

Ha pnc. 2 npejj;cTaBjieHBi pe3yjiBTaTBi pacneTa nncjia co6ctb6hhbix bojih K,HB N s 
bo BceM ^nana30He nacTOT bhjiotb ^;o nacTOTBi, onpe,n;ejiHeMOH 3HaneHneM 6e3pa3MepHon 
nepeMeHHoii kb . 

B HHJKecjieixyiomeH Ta6jinn;e 1 npHBo^HTCH pe3yjiBTaTBi BBinncjieHnn 6e3pa3MepHBix 
BejiHHHH k s b n cooTBeTCTByiorixHx nacTOT f s (b Mrii;) co6ctb6hhbix bojih jj;jih HaGeroB 
cpa3 ip = n ip — 7r . OaKTHnecKH bbihhcjihjihcb coGcTBeHHBie nacTOTBi BcnoMoraTejib- 
hbix pe30HaTopoB, npe^cTaBjunoiUHX co6on nojioBHHy HneiiKH K,HB c cooTBeTCTByiouxnMH 
Topii;eBBiMH cTeHKaMn (cm. pa3ja;eji 2). 

^ncnepcnoHHBie KpnBBie co6ctb6hhbix bojih K,HB Ha njiocKocTH nepeMeHHBix kb, ip /tt 
ctpohtch, HannHan c y»ce BBinncjieHHoro 3HaneHH5i k s b(ip = 0) , c hckotopbim niaroM 
Aip . LTpnGjiHJKeHHoe 3HaneHHe k s b Ha cjieflyiomeM mare Haxo^HTCH c yneTOM cooTHonie- 
hhs (2.1) no cpopMyjie 

bAib 

k s b{lP + Alp) = k s b(Pj) + Pgr^jJ ■ 

YTOHHeHHe SToro 3HaneHHH npoH3BO^HTCH MeTO^OM noHCKa HyjiH onpe^ejiHTejiH MaTpn- 
ii,bi M (1.19) nyreM ero BBinncjieHHJi c HeKOTopBiM niaroM A{kb) no o6e ctopohbi ot 
npn6jiH>KeHHoro 3HaneHHsi. ^jia bojih c Gojibuihm HOMepoM s o6a pacneTHBix napaMeTpa 
Aip h A(kb) npnxo^HTCH BBi6npaTB ^ocTaTOHHo MajiBiMH, HHane bo3mo>kho nojiyneHne 
b KanecTBe yTOHHeHHoro 3HaneHHH tohkh cocej^Heii ^HcnepcnoHHon kphboh. Tojibko npn 
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upaBHjibHOM Bt>i6ope 3thx napaMeTpoB ^HcnepcHOHHaa KpiiBasi nona^eT b npe^BapnTejiB- 
ho BbiHHCJieHHyio TOHKy k s b(ip = 7r) c TeM ace HOMepOM s . 



K 



kb 
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PhC. 2. HHCJIO Co6cTBeHHBIX BOJIH K,H,B B (pyHKIJHH kb 



Ta6jiHu,a 1 

Pe3yjII>TaTI>I BMHHCJieHHH k s b H COOTBeTCTByK)IIJ,HX HaCTOT f s 





i> = o 


1p = 7T 


s 


k s b 




k s b 


f s ,M^ 


1 


2,4456 


2796,2 


2,4917 


2849,0 


2 


5,1711 


5912,5 


5,1261 


5861,1 


3 


5,6032 


6406,6 


5,8159 


6649,9 


4 


7,5570 


8640,6 


7,1628 


8189,9 


5 


8,5820 


9812,6 


8,9266 


10206,5 












86 


37,4409 


42809,3 


37,4096 


42773,6 


87 


37,8457 


43272,2 


38,0529 


43509,1 


88 


37,8887 


43321,3 


38,1782 


43652,4 


89 


38,2611 


43747,1 


38,3477 


43846,2 


90 


38,4217 


43930,8 


38,5067 


44028,0 
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^jih Kaac^oro BbiHHCJieHHoro 3HaHeHHH k s b(ip) cjie^yeT y6e,n;HTBCH, hto BBinojmeHBi 
Bee nepeHHCjieHHbie Bbiine paBeHCTBa fljia sHepreTHiecKHx BejniHHH coGcTBeHHBix bojih. 
Ilpn nopji^Ke pe,nyKnHH N = 250 MaTpnubi M (1.19) OTHocHTejiBHan ornnGKa b paBeH- 
CTBe P s = P s fljia Bcex bojih c HOMepaMH s < 2000 He npeBBiniaeT 10 -5 (3a hckjho- 
HeHHeM OKpeCTHOCTett TOHeK, B KOTOpblX v gr = ). fl^Jia. paBeHCTBa W s = W s OTHOCH- 

TejibHaH oHinGxa < 10 -6 , HecoBna,neHHe 3HaneHHH v gr , BBiHHCjieHHBix jjByMH pa3HbiMH 
cnocoGaMH He npeBbiniaeT 10~ 4 . 

,U,jih nepBbix 18 bojih HMeeT MecTO xoponio hsbccthbih bh/i; /XHcnepcHOHHBix KpHBbix. 
Kasc,n;aa KpHBan b HHTepBajie ip otOao n npeflCTaBjiaeT coGoii MOHOTOHHyio (pyHKHiiio, 
hto o6ecneHHBaeT hoctohhctbo 3Haxa rpynnoBoii cxopocTH. J^jih. hcckojibkhx nepBbix 
bojih HinpHHa nojiocbi nacTOT, b npe,nejiax KOTopoii cymecTByioT pacnpocTpaHHioiirHe- 
ch b^ojib K/IB bojihbi, cymecTBeHHo MeHbHie, neM paccTOHHHe ^o cjie,nyioiHeH nojiocbi 
npo3paHHocTH. O^HaKo yace Me»c^;y 16-ii h 17-ii BojmaMH nojioca naeroT, r^e bojihbi 
He MoryT pacnpoerpaHHTBCH, oTcyTCTByeT, xots jjHcnepcHOHHBie KpHBbie fljia o6enx bojih 
npe^cTaBjiHioT co6ofl MOHOTOHHBie cpyHKi^HH. ,H,ajiee c pocroM HOMepa bojihbi KapTHHa cy- 
mecTBeHHo ycjiojKHaeTCH. ,U,jih pa^a kphbbix hohbjihiotch o,hho hjih Gojiee 3HaneHHH vp , 
npn KOTopBix HMeeT MecTO jioKajiBHBiii MaKCHMyM hjih MHHHMyM , rpynnoBaa CKOpOCTB B 
3toh TOHKe oGpamaeTcs b HyjiB, h Ha cooTBeTCTByiomeH nacTOTe MoaceT 6bitb B036y5K,n,eHa 
CTOHHaa BOJiHa. Ilpn nepexofle nepe3 3Ty Tonxy rpynnoBan cxopocTB coGctbchhoh boji- 
hbi MeHHeT 3HaK. IIohbjihiotch HiHpoKHe HHTepBajiBi HacTOT, b npe,nejiax KOTOpBIX o^Ha 

H3 BOJIH, a TO H O^HOBpeMeHHO HeCKOJIBKO COCe^HHX, HBJIHIOTCH paCnpOCTpaHHIOIirHMHCH, 

npHHeM Ha o,hhoh h toh >Ke nacTOTe MoryT 6bitb B036y>K^;eHBi bojihbi c pa3HBiMH HOMe- 
paMH h pa3HBiMH 3HaKaMH rpynnoBoii cxopocTH. IlpHMep Taxoro noBe;i;eHHa HecKOJiBKHx 
nocjieji;oBaTejibHBix ^HcnepcHOHHBix kphbbix npe^cTaBjieH Ha pnc. 3. 

KaK bh^ho H3 pncyHKa, Me>K^;y 86-ft h 87-S BOJiHaMH ocTaeTCH y3KHii HHTepBaji nacTOT, 

B KOTOpOM paCnpOCTpaHHIOH];HXC5I BOJIH HeT. C flajIbHeiiHIHM pOCTOM HOMepa CoGcTBeHHOH 

bojihbi pacnpe;i;ejieHHe ^HcnepcHOHHBix kphbbix cTaHOBHTca eme Gojiee npHHynjiHBBiM, 
HHTepBajiBi " Henpo3paHHocTH " BCTpeiaioTcsi peace, h ohh cTaHOBHTCH Bee Gojiee y3KHMH. 

Ilpn BBiHHCJieHHH noTepb sHeprHH 3apH^a, flBiDKymerocH Bppjib K/IB, b 3aBHCHMocTH 
ot ero pejiHTHBHCTCKoro (paKTopa 7 , onpe,n,ejiHioiri;ero 3HaHeHHe k max b , 3HaHHe cootbct- 
CTByiomero nncjia co6cTBeHHBix bojih N s h BH^a hx ^HcnepcnoHHBix kphbbix no3BOJiHeT 
npaBHjiBHo BBiGpaTB Hcxo^Hoe 3HaneHHe BaxcHoro pacneTHoro napaMeTpa Akb - niara, 
c KOTopBiM npoH3Bo^HTCH noHCK HHCJia HHTepBa jiob , b npe/i;ejiax KOTopBix onpe^ejiHTejib 
MaTpninj M MeHsieT 3HaK. Ecjih hhcjio TaKHx HHTepBajioB 0Ka3BiBaeTcsi mchbuthm N s , 
to BejiHHHHy niara Akb Heo6xo^HMo yMeHBHiHTB. Yxce npn 7 = 20 BepxHHft npe^eji kb 
cocTaBjisieT 190, neMy cooTBeTCTByeT A^ s = 2220 . Ilpn stom niar Akb He ^ojijkch npeBBi- 
maTB 0,002. Xoth npn nopa^Ke pe^;yKn;HH MaTpHHBi M = 500 , kotopbih Hcnojib30Baji- 
ch npn nojiyneHHH Bcex npHBe^eHHBix ^ajiee pe3yjiBTaTOB, tohhoctb bbiihcjichhsi SHepre- 
THHecKHx xapaKTepncTHK H3JiyHeHHH ocTaeTCH npneMjieMoft fljis Bcex coGcTBeHHBix bojih 
c HOMepaMH s < 2500 , Tpe6yeMoe hhcjio onepan;HH orpaHHHHBaeT bo3mojkhoctb ^ajiB- 
HefiHiero yBejiHneHHH 7 = 20 npn napaMeTpax KOMnBioTepa, Ha kotopom npoBo^Hjincb 
pacneTbi. 

Ecjih nocTpoeHBi ^,HcnepcHOHHBie KpHBBie co6ctbchhbix bojih b TpeGyeMOM HHTepBajie 
nacTOT, to rpacpHHecKH HeTpyji;Ho onpe,u;ejiHTB nacTOTy, Ha KOTopoii B036yjKjj;aeTCfl Bojma 
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3a^aHHoro HOMepa: sto ToiKa nepeceneHHH cooTBeTCTByiomeH KpiiBoii pnc. 3 c npHMoft 
jiHHHefi k s b = ip(3b/2D (npn ip = 1 npHMyio cjie^yeT 3epKajiBHO OTpa3HTB, ^ajiee no- 
cjie^oBaTejibHo oTpa3HTB npn if) = h Tax ^ajiee). Ha pnc. 3 H3o6pa:sceHBi ^Be Taxne 
jihhhh: jihhhh ,hjih /3 = 1 , onpe,nejiHioiiiaH nacTOTbi npe/i;ejibHoro cneicrpa, h jihhhh fljia 
7 = 3,5. 




PHC. 3. ^HCIiepCHOHHBie KpHBbie Co6cTBeHHBIX BOJIH K,HB 



B Ta6jiHn;e 2 npHBo,nHTCH pe3yjiBTaTBi pacneTa sHepreTHnecKHx xapaKrepncTHK nojin 
H3JiyneHHH 3apH,n,a npn 7 = 3, 5 . Cjie/xyeT otmcthtb, hto paBeHCTBo (4.6) BBinojiHHeTCH 
fljis Bcex coGcTBeHHBix BOJiH c tohhoctbio nopH,nKa flecHTbix jj;ojieii npoueHTa. 3tot cpaKT 
HBjiaeTCH onpe^ejieHHoii rapaHTHeft npaBHjiBHocTH Bcero no^xo^a k 3a,n,aHe h oTcyrcTBHH 
ohihGok Kax b aHajiHTHiecKHx BBiKjia^Kax, Tax 11 nporpaMMe bbihhcji6hhh, nocKOJibKy 
o^Ha H3 Be jihhhh, bxohhihhx b 3to paBeHCTBo, nponopn,noHajiBHa aMnjiiiTy^e coGctbchhoh 
BOJiHBi A s , a HBe npyrne - KBanpaTy aMnjiHTynBi. Otmctiim TaKHce, hto pa6oTa nojin 

H3JiyHeHHH H&R 3apHflOM JIJTH BCeX BOJIH HMeeT OflHH H TOT HCe npaBHJIBHBIH 3HaK. 
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Ta6jiHu,a 2 

3HepreTHnecKHe xapaKTepncTHKH nojia H3JiyneHH5i 3apa,a,a (7 = 3,5) 



s 


k s b 




Pgr 


w s 


T 

± s 


Ps&t 








1 


2,482 


0,691 


0,016 


2,8692 


-2,8196 


0,0476 


2,8692 


-2,8196 


0,0476 


2 


5,141 


1,432 


0,017 


0,4286 


-0,4201 


0,0077 


3,2978 


-3,2398 


0,0552 


3 


5,678 


1,582 


-0,083 


0,2774 


-0,3016 


-0,0240 


3,5752 


-3,5413 


0,0312 


4 


7,546 


2,102 


-0,056 


0,6762 


-0,7148 


-0,0397 


4,2513 


-4,2561 


-0,0085 


5 


8,712 


2,427 


0,134 


0,0497 


-0,0428 


0,0069 


4,3010 


-4,2989 


-0,0015 






















45 


27,300 


7,605 


-0,183 


0,0060 


-0,0071 


-0,0011 


5,5088 


-5,5075 


-0,0031 


46 


27,501 


7,661 


-0,027 


0,0000 


0,0000 


0,0000 


5,5088 


-5,5075 


-0,0031 


47 


27,747 


7,730 


-0,012 


0,0075 


-0,0075 


-0,0001 


5,5163 


-5,5150 


-0,0032 


48 


27,855 


7,760 


0,004 


0,0005 


-0,0005 


0,0000 


5,5170 


-5,5155 


-0,0032 


49 


28,248 


7,869 


0,114 


0,0004 


-0,0004 


0,0000 


5,5171 


-5,5159 


-0,0032 






















86 


37,684 


10,498 


-0,245 


0,0004 


-0,0005 


-0,0001 


5,5487 


-5,5474 


-0,0034 


87 


37,840 


10,542 


0,179 


0,0014 


-0,0012 


0,0003 


5,5501 


-5,5486 


-0,0032 


88 


38,063 


10,604 


0,120 


0,0000 


0,0000 


0,0000 


5,5501 


-5,5486 


-0,0032 


89 


38,157 


10,630 


0,167 


0,0001 


-0,0001 


0,0000 


5,5502 


-5,5487 


-0,0031 


90 


38,368 


10,689 


0,108 


0,0002 


-0,0002 


0,0000 


5,5504 


-5,5489 


-0,0031 



T 




y 



1 3 5 1 9 '1 13 IS 17 10 J1 



Phc. 4. IIoTepH sHepriin 3apji^i;oM Ha H3JiyHeHiie Ha nepno^e KffB 
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HaiipaBjiemie Beicropa noftHTHHra, onpe^ejuieMoe 3HaKOM rpynnoBoii ckopocth co6- 
CTBeHHoii bojihbi, y o^hhx bojih coBnaflaeT c HanpaBjieHHeM ^BHJKeHHJi 3apH^a, a y /xpyrnx 
- npoTHBonojioacHO eMy CyMMapHBiii iiotok Bcex bojih Maji no cpaBHemiio c cyMMapHoii 
pa6oTon nojia H3JiyHeHHsi h, bo3mo»cho, HaxoflHTCH b npe,nejiax norpeniHocTeii BBinncjie- 

HHH. 

3HaneHH5i k s b rjik bojih c HOMepaMH s = 86 — 90 coBna^aioT c TonicaMH nepecenemTH 

COOTBeTCTByiOH];HX ^HCnepCHOHHBIX KpHBBIX H npSMOH JIHHHH flJIH 7 = 3,5 Ha pHC. 3. 

Ha pnc. 4 npe^cTaBjieHa 3aBHCHMocTB noTepB sHeprnn 3apaflOM Ha nsjiyneHne npn 
npojieTe hm nepno^a K/IB ot ero pejisTHBHCTcicoro (paicropa 7 . 

JXjik HanGojiBHiero 3HaneHH5i 7 = 20 , npe/rcTaBjieHHoro Ha rpacpnice, 6biji ynTeH BKjiafl 
2500 coGcTBeHHBix bojih. YneT 3Toro »ce nncjia bojih rjir 7 = 10 8 ^aeT ,zyiH paGoTbi nojiH 
H3JiyneHHJi Hafl 3apji^i;oM Ha nepno^e cTpyKTypbi 3HaHeHne T = 12, 90 . OneBH/xHo, hto 
pjm Bcex yHTeHHBix bojih BKjiafl b noTepn 6biji TaKoii ace, icaic h b cjiynae npe^ejiBHoro 
cneKTpa, cooTBeTCTByiomero 7 — > 00 . IIocKOJiBKy BKjiajj; nocjie/XHnx 200 ynTeHHbix bojih 
cocTaBHji MeHee 0,005 BKjiafla Bcex npe^byryirrnx, to mojkho yTBepxc^aTb, hto ecjin pac- 
xo^HMocTb noTepb npeflejibHoro cnercrpa h HMeeT MecTo, to oHa oneHB MefljieHHaa. Bojiee 
BepoHTHbiM npe^cTaBjuieTCH cTpeMjieHHe noTepb k nocTOHHHOMy 3HaHeHHio c poctom 7 . 



3aKJiK)HeHHe 

AHajiHTHHecKoe pemeHne 3a^aHH, ocHOBaHHoe Ha TpaHCJiflnnoHHoft cnMMeTpnn nojra, 
B036y»c^;aeMoro 3apH,n,oM npn npojieTe icaxc^oro nepno^a K,ZIB, onpe;i;ejiaeT npocTpaH- 
CTBeHHO-BpeMeHHyio CTpyrcrypy B036yacfleHHoro nojra: Bnepe^H 3apafla nojie siccnoHeH- 
nnajiBHO yGbiBaeT c paccToamieM ot sapji^a h He3HanHTejiBHo oTjinnaeTCJi ot nojia 3a- 
pji^a, ^BHxcymerocH b peryjiapHOM KpyrjioM BOJiHOBOfle; b o6jiacTH cTpyrcrypbi, koto- 
pyio 3apafl ^aBHo npojieTeji, nojie npe^cTaBjuieT co6ofl coBOKynHocTb coGcTBeHHBix bojih 
K/IB. AivrnjiHTy^a, nacTOTa h Ha6er cpa3bi Ha nepnojre coGcTBemioH bojihbi onpeflejiHioTCH 
CKopocTBio 3apafla. Ltpn MajiBix CKopocTHX aMnjiHTy/XBi SKcnoHeHnnajiBHO y6BiBaiOT npn 
yMeHBHieHHH ckopocth. y»ce npn f} — 0, 4 H3JiyHeHHeM mojkho npeHeGpenB. Ltpn 7 — > 00 
Bee napaMeTpbi Kaxc^oii co6cTBeHHofl bojihbi cTpeMHTCH k KOHenHBiM 3HaHeHHHM, onpe- 
flejiHiomHM npe;i;ejibHbiH cneKTp H3JiyHeHHJi. 

Pe3yjiBTaTBi HHCJieHHBix pacieTOB noKa3BiBaioT, hto paGoTa nojia H3JiyHeHH5i Ha,n; 3a- 
pH^OM npn npojieTe hm nepno^a K,U,B paBHa H3MeHeHHio SHeprnn nojiH b CTpyKType 3a 
3to BpeMs. 3HepreTHHecKHH GajiaHc BBinojiHaeTca He tojibko rjik cyMMapHoro nojis, ho h 
^jih Kaxc^oii co6cTBeHHOH bojihbi. IfeMeHeHHe cpe^Heii no BpeMeHH sHeprnn nojiH bojihbi 
3a cneT yBejinneHHJi 3aHHToro hm o6b.eMa CTpyKTypbi cBH3aHo co cpe^HHM noTOKOM Bex- 
Topa noflHTHHra n rpynnoBoii CKopocTBio bojihbi cooTHonieHHeM, H3BecTHBiM H3 o6m;eH 
Teopnn nepno^nnecKHx cTpyKTyp. Cpe^n B036yacjj;eHHbix coGcTBeHHBix bojih, flaiomnx 3a- 
MeTHbiii BKjiafl b cyMMapHoe nojie, npn Bcex cicopocTax 3apji^;a hmciotch bojihbi KaK c no- 
jioxcHTejiBHon, Tax h c oTpHH,aTejiBHOH rpynnoBoii CKopocTBio. B pe3yjibTaTe cyMMapHBiii 
noTOK SHeprnn b^ojib K^B Bcex bojih 3a BpeMH npojieTa o^Horo nepno^a OKa3BiBaeTCH 
cym;ecTBeHHo mchbhthm cyMMapHofi paGoTBi nojin H3JiyHeHna Hafl 3apH^;oM. ,H,ocTHrHyTa5i 
tohhoctb pacneTOB no3BOJi5ieT c^ejiaTB npeflnojioaceHHe o ctpotom paBeHCTBe Hyjno cyM- 
MapHoro noToxa sHeprnn Bji;ojib K/JB. Ltpn stom aBTopBi nojiHocTBio oT^aioT ce6e oth^t 
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b tom, hto nojiyHHTb cTporoe ,noKa3aTejit>CTBo o6paineHHJi b HyjiB KaKOH-6bi to hh Gbijio 

(pH3HHeCKOH BejIHHHHbl nyTCM HHCJieHHblX paCHeTOB HeB03MOJKHO . 

C poctom 3HepriiH 3apH^;a npoHcxo^niT HacbimeHHe aMnjiHTyzi, HHJKHefl nacTH cnex- 
Tpa coGcTBeHHBix bojih Ha ypoBHe npe^ejiBHoro cnercrpa, cooTBeTCTByiomero 7 — > 00 . 
rpaHima BepxHeft nacTH cneicrpa, HanHHan c KOTopoii HMeeT MecTo sKcnoHeHinrajibHoe 
cna^aHne aMnjiHTya, coGcTBeHHbix bojih, cflBuraeTca b cTopoHy BbicoKHx nacTOT nponop- 
ithoh a jibho 7 . AMnjiHTyzrbi coGcTBeHHbix bojih npe^ejiBHoro cneicrpa cnaflaioT b cpe^HeM 

C HOMepOM BOJIHBI, HTO He n03BOJI5ieT CflejiaTb BblBO^a O paCXO^HMOCTH SHeprHH H3JiyHe- 

hh2 b npe^ejiBHOM cneKTpe. IIpHBe^eHHaH Ha rpacpHKe KpHBan noTepb sHeprnn 3apafla 
Ha H3jiyHeHHe npn npojieTe o^Horo nepno^a Ki_IB b cpyHKnriH pejiHTHBHCTCKoro cbaKTopa 
3apH^a HOKa3biBaeT Me^jieHHoe HapacTaHne noTept c poctom 7 , hto cBH^eTejibCTByeT 
jih6o o cxo^hmocth SHeprHH H3jiyneHHH npe^ejiBHoro cneKTpa, jih6o 06 oneHb cjia6oii 

paCXO^HMOCTH. 
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